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13 ABSTRACT 
Three c l a s s e s  of experimental i n g r e d i e n t s  having good high temperature s t a b i l i t y  were subs t i -  
tu ted ,  s:!ngly and i n  combinhttion, f o r  corresponding i n g r e d i e n t s  i n  a  s tandard  f r i c t i o n  mate r ia l .  
The e f f e c t s  of s u b s t i t u t i o n  were evaluated by physical  and chemical a n a l y s i s ,  and p r i n c i p a l l y  by 
determinat ion of  f r i c t i o n  and wear p r o p e r t i e s  a s  a  func t ion  of temperature on a  sample drag 
dynamometer. 
The major f i n d i n g  was t h e  demonstration of t h e  p o t e n t i a l  of potassium t i t a n a t e  f i b e r  f o r  t h e  
improvement of a  f r i c t i o n  m a t e r i a l  of t h e  secondary l i n i n g  type. For example, t h e  maintenance o f  
a  mean f r i c t i o n  c o e f f i c i e n t  of  0.35 between 232 and 343°C (450 and 650°F) was achieved i n  t h e  
presence of the t i t a n a t e  f i b e r ,  as  opposed t o  a  va lue  of 0.30 in i t s  absence. Wear improvement 
of t h e  o rder  of 30 t o  40% a l s o  becomes p o s s i b l e  by proper adjustment of r e s i n  content  and potas- 
sf am t i t a n a t e  f iber- to-asbestos  r a t i o .  
I 
A n  improved formulat ion based on t h e  s tandard l i n i n g ,  in  which one h a l f  of t h e  asbes tos  has 
been replaced by potassium t i t a n a t e  f i b e r  and i n  which t h e  phenoli: r e s i n  con ten t  has been increased  
by 40%, was f a b r i c a t e d  and t e s t e d  on a  f u l l  s c a l e  i . l e r t i a 1  dynamometer. Resu l t s  suggested t h a t  t h i s  
formulation o f f e r s  t h e  p o t e n t i a l  fo r  g r e a t e r  f r i c t i o n  s t a b i l i t y  and l e s s  speed spread  than t h e  s tan-  
$ 1  dard, and thus has improved propec t ies  f o r  meeting the  FMVSS 105-75 requirements. 
Formulations containing t h e  o ther  two ingred ien t  types showed no improvement r e l a t i v e  t o  t h e  
s tandard  l in ing .  p-Polyphenylene s u b s t i t u t i o n  f o r  cashew f r i c t i o n  p a r t i c l e s  brought about a  l a r g e  
l o s s  in f r i c t i o n  without  improving wear. Polyimide r e s i n  s u b s t i t u t i o n  Cave f r i c t i o n  and wear pro- 
p e r t i e s  t h a t  were comparable t o  those of f r i c t i o n  m a t e r i a l s  containing t h e  s tandard  phenolic  res in .  
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ABSTRACT 
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a t u r e  s t a b i l i t y  w e r e  subs t i t u t ed ,  s i n g l y  and i n  combination, f o r  cor- 
responding ing red ien t s  i n  a s tandard  f r i c t i o n  mater ia l .  The e f f e c t s  of 
s u b s t i t u  t i ~ n  were evaluated by phys ica l  and chemical ana lys is ,  and 
p r i n c i p a l l y  by determinat ion of f r i c t i o n  and wear p rope r t i e s  as a func- 
t i o n  of temperature on a sample drag dynammeter. 
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I I SECTION 1 SUMMARY 
1 il I! 
I 1.1 OBJECTIVE I 
1 
, 
This Report descr ibes  work done under NASA Contract NAS 2-7758, 
i 
i ji 1 
"Fabricat ion and Test  of Experimental Automobile Brakes ," i n  t h e  per iod  
I 
, 
I August 1973 t o  March 1976. The ob jec t ive  of the  p ro j ec t  r epo r t ed  he re in  i 1 ..w 
' i i w a s  t o  determine t h e  e f f e c t  on  f r i c t i o n  and wear of a commercial f r i c -  
I t i o n  ma te r i a l  formulation m d i f i e d  by s u b s t i t u t i o n  of s e v e r a l  types of 
experimental  i ng red ien t s  provided by NASA. The approach taken was t o  i 
- 4 
: 
s u b s t i t u t e ,  s i n g l y  and i n  combination, the experimental ingredients f o r  
I t h e  corresponding ones i n  Che s tandard (commercial) composite. The 
i 
- 
e f f e c t s  of s u b s t i t u t i o n  were evaluated by phys ica l  and chemical analy- 
sis, and p r i n c i p a l l y  by t e s t s  of f r i c t i o n  and wear a s  func t ions  of 
I 
h 
temperature on a sample drag dynamometer. The experimental  formula- 
\ 
t i o n  showing the  b e s t  improvement over t h e  s tandard  m a t e r i a l  was sub- 
I j e c t e d  t o  f u r t h e r  t e s t i n g  on a f u l l - s c a l e  i n e r t i a l  dynamometer. Its 
I 6 performance was compared t o  t h a t  of the s tandard  i n  two sepa ra t e  tests: 
I 
1 
l a dynamometer s imula t ion  of Federa l  Motor Vehicle Sa fe ty  Standard 
(FMVSS 105-75)* and a n  gcce lera ted  wear test. 
, The experimental i ng red ien t s  suppl ied  by NASA were : 
I 
(1) potassium t i t a n a t e  f i b e r  ( s u b s t i t u t e d  f o r  asbes tos  reinforce-  i 
men t f i b e r )  I 
(2) t h r e e  types of polyphenylene ( s u b s t i t u t e d  f o r  cashew-type 
f r i c t i o n  p a r t i c l e s )  
I (3) two types of polpimide r e s i n  ( s u b s t i t u t e d  f o r  phenolic  r e s i n  
I 
I binder )  A l l  t h r ee  ing red ien t  types were more thermally s t a b l e  than t h e  corres- 
I ponding s tandard  components, and were thus  expected t o  con t r ibu te  t o  
* 
FMVSS 105-75 s p e c i f i e s  requirements f o r  hydraul ic  s e r v i c e  brake and 
assoc ia ted  parking brake systems t o  i n su re  s a f e  braking performance 
under normai and emergency condit ions.  
I 
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I 1 grea t e r  high-temperature wear r e s i s t a n c e  nf t h e  brake l i n ing .  Other I 1 
i mate r i a l  p r o p e r t i e s  were a l s o  considered i n  making t h e  above s e l e c t i o n s  
I 1 inc luding  t h e  lower hardness of  the  potassium t i t a n a t e  f i b e r  r e l a t i v e  
! f 
I 
I t o  asbes tos  and i t s  degradation products.  
I I .  
I i 1.2 ACCOMPLISHMENTS 1 
I The major f ind ing  of t h i s  work was t he  demonstration of  t h e  poten- 
I t i a l  of potassium t i t a n a t e  f i b e r  f o r  t he  improvement of a f r i c t i o n  mate- 
I 
1 r i a l  of t h e  secondary l i n i n g  type. For example, t h e  maintenance 0 5  a 
1 mean f r i c t i o n  c o e f f i c i e n t  of 0.35 between 232 and 343°C (450 and 650°F) 
4 
becomes p o s s i b l e  i n  the presence of  the  t i t a n a t s  f i b e r ,  a s  opposed t o  a 
value of 0.30 i n  L t s  absence. This becomes even more s i g n i f i c a n t  i f  i t  
I 
i s  poin ted  ou t  t h a t  t he  corresponding mean values a r e  0.33 and 0.25 i n  \ 
I 1 
I 
I 
t h e  316 t o  343°C (600 t o  650°F) range: fade Can d e f i n i t e l y  be improved 
I 
I I by incorpora t ion  of potassium t i t a n a t e  f i b e r ,  Wear improvement of t h e  
I 
, order  of 30 ta 40% a l s c  becomes poss ib l e  by proper  adjustment of r e s i n  
i I 1 I i content  and potassium t i t a n a t e  f iber- to-asbestos  r a t i o .  Having been demonst r a t e d ,  t h i s  p r i n c i p l e  nor). remains t o  be  exp lo i t ed  f o r  genera l  I. I 
' 1  app l i ca t ion  i n  t h e  f r i c t i o n  ma te r i a l  indus t ry .  i 
1 1  Actual development of an improved formulat ion has a l s o  been i accomplished, a s  based on t h e  r e s u l t s  of sample drag dynamometer c e s t s  and single-wheel fu l l - s ca l e  i n e r t i a l  dynamometer t e s t s .  This  formula- i ; 
I t i o n  i s  based on t h e  s tandard l i n ing ,  i n  which one h a l f  of t h e  asbes tos  I 
I I 
I 
has  been rep laced  by potassium t i t a n a t e  f i b e r  and i n  which t h e  L-esin 
i , I content  has  been increased  by 40%. A b r i e f  e x p l o r a t i o i ~  ? i t h i n  the  
I I 
I ( range of compositions Chat are poss ib l e  and t h a t  can b e  f a b r i c a t e d  I 
I I d i nd i ca t ed  t h a t  t h e  c i t e d  composition i s  n e a r  an optimum f o r  f r i c t i o n  
I I i:" - j  
i and wear improvement. However, f u r t h e r  s tudy i s  needed t o  e s t a b l i s h  whether o t h e r  compositiotz ranges e x i s t  i n  which f r i c t i o n  and wear i m -  
, provement i s  poss ib le .  Ful l -scale  t e s t i n g  a l s o  suggested t h a t  t h i s  
I 
I formulat ion o f f e r s  the  p o t e n t i a l  f o r  g r e a t e r  f r i c t i o n  s t a b i l i t y  and less 
! speed c2read than the s tandard,  and thus i s  more favorable  f o r  meeting 
i 
I 
t h e  FMrSS 105-75 requirements. 1 
I 
i 
6 
\ I i 
> 
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I 
I Although only a very l imi t ed  number of compositions could be 
s tudied  w i t h  each ing red ien t  type,  r e s u l t s  wi th  t h e  polyphenylenes and 
t h e  polyimide r e s i n s  were n o t  considered favorable.  F r i c t i o n  of samples 
conta in ing  polyphenylene was very poor,  and tended t o  r e t u r n  t o  t h e  va lue  
1 f o r  the s t anda rd  l i n i n g ,  a t  any given temperature,  a s  t he  amount of poly- 
phenylene w a s  reduced from 100% replacement of cashew f r i c t i o n  modifier.  
Wear was n o t  improved by the  presence of  polyphenylene. Replacement of 
phenolic  r e s i n  w i t h  polyimides gave f r i c t i o n  ma te r i a l s  wi th  f r i c t i o n  and 
wear s i m i l a r  t o ,  b u t  n o t  b e t t e r  than, t he  standard. 
I 
1.3 RE COMMENDATIONS 
Among the  ques t ions  t h a t  s t i l k  must be examined, should t h e  spe- 
c i f i c  l i n i n g  formulation based on the  s tandard  l i n i n g  incorpora t ing  
potassium t i t a n a t e  f i b e r  be a candidate  f o r  development i n  commercial 
I app l i ca t ions ,  are those  concerning i t s  behavior i n  a veh ic l e  test and i t s  l a rge  s c a l e  manufacturabi l i ty .  F i r s t  of a l l ,  t h e  vehic le  test would 
e s t a b l i s h  i n  a c t u a l  usage the  l i n i n g ' s  performance i n  a FMVSS 105-75 
I test;  i t  would a l s o  e s t a b l i s h  t h e  wear p a t t e r n  of t he  l i n i n g  i n  a c t u a l  
I 
1 usage such as the  indus t ry ' s  D e t r o i t  o r  Los Angeles T r a f f i c  Tests.  I n  
I 
, add i t i on  i t  would allow t h e  e v a l u a ~ f o n  of t h e  e f f e c t  of potassium t i t a x a t e  
f i b e r  on drum wear and on t h e  more sub jec t ive  b u t  c r u c i a l  requirement 
of  minimal brake noise.  The l i n i n g  w i l l  n o t  be  considered acceptab le  
before i t  i s  e s t a b l i s h e d  t h a t  i t  s a t i s f a c t o r i l y  m e e t s  t h e  above require-  
ments. A s  f o r  i t s  maxufacture, a d d i t i o n a l  development is  necessary;  
e i t h e r  the  composition o r  the processing o r  both may r e q u i r e  adjustment 
1 
f 
I I be fo re  i t  can be  f ab r i ca t ed  on a l a r g e  sca le .  This i s  p a r t  of t h e  normal development process ,  and i t  i s  not  poss ib l e  a t  t h i s  time t o  p r e d i c t  what 
I d i f f i c u l t i e s  may o r  may n o t  be encountered. ii Based on the  r e s u l t s  of t h i s  s tudy,  t h e  fol lowing recommendations I / can be made regarding the  th ree  expe r imen ta lma te r i a l s ,  i n s o f a r  a s  t h e i r  I I s u i t a b i l i t y  f o r  i n c l u s i o n  i n  automotive f r i c t i o n  m a t e r i a l s  is  concerned: (1) Incorpora t ion  of potassium t i t a n a t e  f i b e r ,  providing t h e  
"1 
i + 
1 f 
formula contains  a s u f f i c i e n t  amount of r e s i n  b inder ,  allows 
j 
j! I 
I 
$ 
1- 3 
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t h e  f a b r i c a t i o n  of formulations wi th  improved high temperature 
wear, and improved f r i c t i o n  p r o p e r t i e s  f o r  e e t i n g  FMVSS 105-75 
i 
requirements. 
We must consider ,  however, t h a t  t he  p re sen t  work has only 
demonstrated the  p o t e n t i a l  f o r  f r i c t i o n  m a t e r i a l  improvement I 
i n  t h i s  fashion. Very few fu l l - s ca l e  t e s t s  w e r e  performed, 
and none were on a veh ic l e ;  improvements i n  t he  c r u c i a l  f u l l -  
d 
s c a l e  t e s t s  a r e  real, b u t  ques t ions  regarding no i se  and r o t o r  
(o r  drum) wear s t i l l  remain t o  be  answered. Vehicle tests 
are the re fo re  i n  o rde r  t o  answer some of t hese  pending 
quest ions.  I - 
I 
I (2) p-Polyphenylerre cont r ibu ted  undes i rab le  f r i c  t ionaJ p rope r t i e s  
without  improving wear ; its inc lus ion  i n  convent ional  auto- 
~ 
motive f r i c t i o n  mater ia l s  should n o t  be considered f u r r h e r  
I 
a t  t h i s  time without  considerable  a d d i t i o n a l  i nves t iga t ion .  
(3) The two polyinxi.de r e s i n s  s tud ied  gave f r i c t i o n  and wear 
p r o p e r t i e s  comparable t o  those of  f r i c t i o n  ma te r i a l s  contain- 
i n g  phenolic  r e s in .  I n  some cases ,  h igh  temperature f r i c t i o n  
I 
was even increased,  although wear r e s i s t a n c e  tended t o  deter- 
I i o r a t e .  I t  should be  recognized, however, t h a t  t h i s  i s  a 
i l imi t ed  s tudy ,  and t h a t  t h e r e  i s  a g r e a t  need f o r  f u r t h e r  
i b a s i c  information about composite mat r ices  of the  f r i c t i o n  
1 
,I m a t e r i a l  type containing polyimide r e s i n .  Resul t s  obtained 
i I 
i n  the  p re sen t  s tudy could form a p o i n t  of depar ture  f o r  a 
1, 
sys temat ic  study of such composites and means of opt imizing 
t h e i r  d e s i r a b l e  h igh  temperature p rope r t i e s .  
I 
I 
I !  
I I 
SECTION 2 
INTRODUCTION 
i 1  2.1 OBJECTIVES AND APPROACH 
! 
1 2.1.1 O b j e c t i v e s  i 
1 The o b j e c t i v e s  of t h i s  work, a s  paraphrazed f rom t h e  -.y 
! 
1 a I Request  f o r  P r o p o s a l  and t h e  Cont rac t  were a s  fo l lows :  i 
(1) General  Objec t ive  - It was t h e  purpose  o f  t h i s  
c o n t r a c t  t o  provide a brake  l i n i n g  w i t h  improved 
performance f o r  a p a r t i c u l a r  road v e h i c l e ,  
I 
i u t i l i z i n g  s p e c i f i c  t y p e s  of exper imenta l  materials, 
1 ,  (2) S p e c i f i c  O b j e c t i v e s  - The exper imenta l  m a t e r i a l s  
l a  ! 
were a s s e s s e d  by measuring t h e  e f f e c t  o f  t h e  per-  I ,  1 
I r i 
I formance of l i n i n g s  i n  which t h e  exper imenta l  
I .  I 
I 
m ~ t e r i a l s  were s u b s t i t u t e d  f o r  t h e  cor responding  I I i 
I i n g r e d i e n t s  of a p a r t i c u l a r  l i n i n g  t y p e  d e s i g n a t e d  / 
I 
t h e  s t andard  l i n i n g .  More e x t e n s i v e  l i n i n g  f o r -  i 
1 m ~ ~ l a t i o n  changes from t h e  s t a n d a r d  were t e s t e d  f o r  
I ' 
1 t h e  yurpose  of ach iev ing  d e s i r e d  performance 
! c h a r a c t e r i s t i c s ,  and one l i n i n g  was s e l e c t e d  f o r  
I 
I q u a l i f i c a t i o n  t e s t s .  
I 
I 2.1.2 Techn ica l  Approach 
I 
I Phase I 
I 
; 2.1.2.1 S e l e c t i o n  of Standard L in ings  
I i 
I 1." The s t a n d a r d  l i n i n g s  se rved  a s  a s t a n d a r d  o f  
1 ; 
comparison and s e r v e d  as t h e  m a t r i x  from which t h e  exper imenta l  l i n i n g s  I 
! 
1 2  
I w e r e  c o n s t r u c t e d .  The s t a n d a r d  l i n i n g s  were chosen t o  comply w i t h  t h e  
I f manufac tu re r s '  s p e c i f i c a t i o n s  of t h e  s t a n d a r d  v e h i c l e .  The i n g r e d i e n t s  
1 : 
I :  of t h e  s t a n d a r d  l i n i n g s  i n c l u d e d ,  bu t  were n o t  r e s t r i c t e d  t o ,  t h e  
1 I 
1 fo l lowing  m a t e r i a l s :  
I F i b e r  - a c h r y s o t i l e  a s b e s t o s  o f  g rade  s u i t a b l e  t o  t h e  
I a p p l i c a t i o n .  
5 
' i 
I 
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i I
1 
I- 
I 
1 
i 
I 
1 
4 
Binder - phenolic or modified phenolic resin. 
I 
Friction Modifier - cardolite. 
1 
1 
2.1.2.2 Characterization of Experimental Mzterials 1 
I 
The experimental materials available for the 
I 
program are listed in Table 2.1. 
I 
Table 2-1 - Experimental Materials 1 2 
1 
I 
1 
I I 3 
, 4 
. . -'% 
1 CLASS OF INGREDIENT EXPERIMENTAL MATERIAL 
I TYPE NUMBER 
I 
Friction Modifier Polyphefiylene 3 
Binder Maleimide Resin 2 
Fiber Potassium 1 
1 :  
1 
Titanate a 
, /i , '"1 1 
The experimental materials were characterized 1 
$ 7  by the following measurements: thermogravimetric analysis (TGA) i11 1 
I! both air and nitrogen, differential thermal analysis (DTA) in both 
I 7 
I air and nitrogen, specific gravity, and x-ray diffraction for 
I 
potassium titanate both before and after thermal analysis. 
i 
, 2.1.2.3 Determination of Best Cure Conditions Using 
Experimental Binders 
1 
1 I The effect of cure conditions on properties 
I 
of composites containing the experimental binders was explored to 
11 determine the conditions that provide "optimum" properties for friction 
: i  
!$ 
material application. Each of the two binder types was cured in an 
artificial composite at two temperatures for two durations at two 
pressure levels for a total of eight cure conditions per binder type. 
Thermal analysis, solvent extraction and density determination were 
performed on selected samples representing extremes of conditions. 
Shear strength measurements were made on friction materials containing 
2-2 
P ,A ie-.* . . >* b La- k - \ 
the experimental b inders  represent ing  f i v e  widely d i f f e r i n g  condi t ions  
of molding temperature,  p re s su re  and time. The i n i t i a l  choice of 
condi t ions  was determined on t h e  b a s i s  of d a t a  suppl ied by ARC. 
2.1.2.4 Determination of Su i t ab l e  Processing Techniques 
f o r  t h e  Experimental F iber  
Mixing and molding techniques f o r  composites 
conta in ing  t h e  experimental f i b e r  with and without t h e  presence of 
asbes tos  f i b e r s  were explored i n  an e f f o r t  t o  determine techniques 
t h a t  provided s u i t a b l e  f i b e r  d i s t r i b u t i o n .  
2.1.2.5 Fabr ica t ion  and Tes t ing  of Experimental F r i c t i o n  
Mate r i a l s  
-- 
Upon determining s u i t a b l e  cure  condi t ions  of 
experimental b inders  and processing techniques f o r  t h e  experimental 
f i b e r ,  samples were f ab r i ca t ed  and t h e i r  following p r o p e r t i e s  de te r -  
mined: f r i c t i o n  c o e f f i c i e n t  and wear a s  func t ions  of temperature 
us ing  a sample dynamometer, dens i ty  and poros i ty .  S ix ty  samples were 
f a b r i c a t e d  i n i t i a l l y  t o  explore t he  e f f e c t  of i nc lus ion  of t h e  experi-  
mental ingredien ts  i n t o  the  s tandard formulas, inc luding  s e v e r a l  dup- 
l i c a t e  formulations.  Sixteen add i t i ona l  formulas were prepared and 
I 
t e s t e d  t o  explore  f u r t h e r  the  e f f e c t s  of one of t h e  experimental ingre- 
d i e n t s .  Five of t h e  experimental samples t h a t  showed t h e  b e s t  f r i c t i o n  
and wear r e s u l t s  a s  w e l l  a s  t h e  s tandard secondary sample were t e s t e d  
f o r  shear  s t r eng th ,  permeabil i ty ,  and by chermogravimetric and d i f f e r -  
e n t i a l  thermal analyses .  Seven experimenta: samples and the  two stand- 
a r d s  were t e s t e d  by x--yay d i f f r a c t i o n  a f t e r  TG,A i n  an at tempt  t o  iden- 
t i f y  changes i n  t he  f i b r c u s  mater ia l s .  
I Ful l - sca le  brake l i n i n g s  of t h e  optimum 
I 
I experimental formulat ion and the  standard primary and secondary l i n i n g s  were f ab r i ca t ed  f o r  t h e  full.-scale i n e r t i a l  dynamometer t e s t s .  
b 
2 
I A quan t i t y  of brake l i n i n g  s l a b s  t o t a l i n g  4 square f e e t  (0.37 m ) i n  
a r e a  and 318 inches (0.95 cm) th i ck ,  of t he  optimum formulat ion,  was 
I 
r J 
i a l s o  f ab r i ca t ed  and de l ive red  t o  ARC f o r  f u r t h e r  t e s t i n g .  
I 
i 
$ 
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Phase I1 
2.1.2.6 Tes t ing  and Evaluation of Experimental- 
F r i c t i o n  Mate r i a l s  Screened i n  Phase I 
on a Full-Scale I n e r t i a l  Dynamometer 
A t o t a l  of twelve primary and secondary l i n i n g s  
were f ab r i ca t ed  and t e s t e d  on a fu l l - s ca l e  i n e r t i a l  dynamometer. The 
s tandard primary was used i n  a l l  cases ,  coupled wi th  e i t h e r  a s tandard 
o r  an experimental secondary l i n ing .  The test schedules  used were a 
single-wheel s imula t ion  o f  FMVSS 107-75, and an  acce l e ra t ed  wear t e s t  
i n  which incremental  wear was measured a t  a number of progress ive ly  in- 
c reas ing  temperatures. 
2.2 BACKGROUND* 
2.2.1 Energy Absorption by F r i c t i o n  Mate r i a l s  
I 
2.2.1.1 Brakes 
During a s top ,  t he  automobile brake converts  t he  
" 1 k i n e t i c  energy of the  moving veh ic l e  i n t o  hea t ,  absorbs t h e  hea t ,  and , 
1 
gradual ly d i s s i p a t e s  i t  t o  the  atmosphere. The s l i d i n g  f r i c t i o n  couple 1 
i n  t he  brake c o n s i s t s  o f  a cast- i ron r o t o r  (drum o r  d i s c )  and a s t a t o r  I 3 
on which i s  mounted a f r i c t i o n  ma te r i a l  o r  l i n i n g  cons i s t i ng  of asbes tos  
f i b e r ,  p rope r ty  modif iers ,  and an organic  r e s i n  binder.  Lining i s  con- :: 
s idered  expendable. Over a long period of t i m e  and many miles  of s e rv i ce ,  
much of  i t  i s  converted t o  dus t  and gases. Smaller amounts of t he  r o t o r  
a r e  a l s o  converted t o  wear debris .  P a r t i c u l a t e  deb r i s  is  l r a r t i a l l y  re- 
tained and p a r t i a l l y  emit ted from t h e  veh ic l e  i n  normal serv ice .  
I 
2.2.1.2 Basic P r inc ip l e  of Operation of t he  Duo-Servo 
Brake 
4 The Duo-Servo p r i n c i p l e  i s  the  b a s i c  p r i n c i p l e  
s 
I , 
of opera t ion  of t he  major i ty  of passenger c a r  drum brakes i n  use a t  
, "  
present .  
, "  
---------- 
I; 
1 * Much of t h e  ma te r i a l  i n  t h i s  Sect ion is  adapted from "Brake Emissions: 
Emission Measurements from Brake and Clutch Linings from Selec ted  
/I Mobile Sources," by M.G. Jacko and R.T.  DuCharme, March, 1973, EPA 
Report 68-04-0020. 
i: 
I 
k 
The brake shown s c h e m a t i c a l l y  i n  F i g u r e  2-1 
i s  r e p r e s e n t a t i v e  of a l e f t  hand assembly a s  viewed from t h e  o u t s i d e  
of t h e  v e h i c l e .  D r u ~  t o  l i n i n g  and shoe t o  anchor  c l e a r a n c e s  a r e  
purpose ly  exaggera te3  s o  t h a t  t h e  movement o f  t h e  shoes  can b e  e a s i l y  
shown. The o p e r a t i o n a l  d e s c r i p t i o n  a p p l i e s  t o  e i t h e r  t h e  f r o n t  o r  rear 
brake  assembly.  
When t h e  b rake  i s  i n  i t s  r e l e a s e d  p o s i t i o n ,  
t h e  shoe r e t u r n  s p r i n g  h o l d s  t h e  primary and secondary shoes  a g a i n s t  
t h e  anchor  and c l e a r a n c e  i s  provided between t h e  l i n i n g s  and drum 
rubbing s u r f a c e .  Whcn h y d r a u l i c  p r e s s u r e  i s  a p p l i e d  t o  t h e  b r a k e  
system by t h e  master  cyl i . lder ,  t h e  f o r c e  from t h e  wheel c y l i n d e r  i s  
a p p l i e d  through t h e  Links t o  t h e  b rake  s h o e s  and t h e  shoes  a r e  moved 
ou t  t o  c o n t a c t  t h e  drum. I f  t h e  drum i s  r o t a t i n g  counter-c lockwise  
a s  i n d i c a t e d  i n  F igure  2-5, (corresponding t o  f o r w i r d  motion of t l ic 
v e h i c l e ) ,  t h e  E r i c t i n n  f o r c e  between t h e  drum and t h e  l i n i n g s  r o t a t e s  
t h e  shoes  counter-clockwise.  This  movement causes  t h e  primary shoe 
t o  l e a v e  t h e  anchor and causes  t h e  secondary shoe t o  move a g a i n s t  t h e  
anchor. The f r i c t i o n a l  f o r c e  between t h e  drum and t h e  pr imary shoe 
I i s  t r a n s m i t t e d  through t h e  p i v o t  screw and a d j u s t i n g  n u t  assembly t o  
t h e  secondary shoe.  T h i s  se rvo  a c t i o n  i n c r e a s e s  t h e  p r e s s u r e  between 
t h e  secondary shoe  and t h e  drum. 
IJhen the  h y d r a u l i c  p r e s s u r e  i s  removed from 
t h e  wheel c y l i n d e r ,  t h e  shoe r e t u r n  s p r i n g  noves  t h e  shoes  away from 
t h e  drum s u r f a c e  and t h e  shoes  r e t u r n  'Lo t h e  anchor .  
If t h e  b rakes  a r e  a p p l i e d  w h i l e  t h e  v e h i c l e  
i s  backing (cor respondi r~g  t o  clockwise drum r o t a t i o n ,  F i g u r e  2 - l ) ,  
I 
I t h e  shoes  r o t a t e  c lockwise  wi th  t h e  drum. T h i s  causes  t h e  secondary 
I 3 j shoe  t o  l e a v e  t h e  anchor and causes  ;k primary shoe  t o  move a g a i n s t  t h e  anchor .  I n  t h i s  c a s e  t h e  secondary shoe  a p p l i e s  t h e  pr imary shoe 
1 
a g a i n s t  t h e  drum. ActLon of t h e  b r a k e  t h e r e f o r e  i s  t h e  same i n  
r e v e r s e  as i n  i t s  forward d i r e c t i o n .  
5 
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f 
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2.2.2 Compositions of F r i c t i o n  Mater ia l s  
2.2.2.1 Generalized C l a s s i f i c a t i o n s  
Table 2-2 gives t y p i c a l  compositions of drum 
l i n i n g  and d i s c  pad (2-1) f r i c t i o n  ma te r i a l s .  The foundation, o r  major 
cons t i tuent ,  of p r a c t i c a l l y  a l l  "organic" f r i c t i o n  ma te r i a l s  i s  asbes tos  
f i be r .  Asbestos i s  chosen because of i ts  thermal s t a b i i x t y ,  i t s  r e l a -  
t i v e l y  high f r i c t i o n  l e v e l ,  and i t s  r e i n f c r c i n g  proper t ies .  Since asbes- 
t o s  alone does n o t  o f f e r  a l l  of t h e  des i red  f r i c t i o n  and wear p rope r t i e s ,  
o the r  ma te r i a l s  ca l l ed  f r i c t i o n  modif iers  a r e  added, Modifiers a r e  va r i ed  
i n  type and content  t o  provide des i r ed  l e v e l s  of e f f ec t iveness ,  wear, 
fade, recovery, and noise.  A r e s i n  b inder  i s  a l s o  added t o  hold the  o t h e r  
ma te r i a l s  t oge the r  with adequate s t rength .  
Table 2-2 - Composition of Typical Automotive F r i c t i o n  Mater ia l s  
(Volume Percent)  
* - a  
J 
1 
I 1 
I ! 
I 3 
1 
2.2.2.2 Asbestos  - The a s b e s t o s  commonly used i n  i i 
f r i c t i o n  m a t e r i a l s  i s  c h r y s o t i l e  from Quebec o r  Vermont. C h r y s o t i l e ,  i 
I t h e  p r i n c i p a l  m i n e r a l  o f  t h e  s e r p e n t i n e  group, h a s  t h e  approximate  1 I 
composi t ion formula  
Mg3 (Si205) (OH) o r  3Mg0 2Si02 -2H20 
S t r u c t u r a l l y ,  itL.js a pseudohexagonal network of S i% t e t r a h e d r a  forming 
a s h e e t  i n  w h k h  a l l  the t e t r a h e d r a  p o i n t  one way. A l a y e r  of b r u c i t e ,  
Mg (OH) 2 ,  ;a/;oir.ed t o  t h e  Si.04 network i n  such a way t h a t ,  on one s i d e ,  
two o u t k f  e v e r y  t h r e e  hydroxyls  a r e  rep laced  by oxygens a t  t h e  a p i c e s  
t e t r a h e d r a  ( F i g u r e  2-2). The macromolecule x n s i s t s  of p a r a l l e l  
of b r u c i t e - s i l i c a  l a y e r s  s t r u c t u r e d  i n  c ~ l i n d r S c a 1  l a t t i c e s  in -  
c l o s e d  c o n c e n t r i c  c y l i n d e r s ,  s p i r a l s ,  and rumetimes h e l i c a l  
arrangements.  (2-2) 
Bendix Research L a b o r a t o r i e s '  s c i e n t i s t s  have  
been s t u d y i n g  a s b e s t o s  f o r  s e v e r a l  y e a r s .  F igure  2-3 p r e s e n t s  t h e  
r e s u l t s  of d i f f e r e n t i a l  the rmal  a n a l y s i s  (DTA) and thermogravimetr ic  
a n a l y s i s  (TGA) s t u d i e s  f o r  a common s h o r t - f i b e r  grade of c h r y s o t i l e  
a s b e s t o s  . (2-3' The t r a n s i t i o n  a t  approximately 370°C (700°F),  i n  b o t h  t h e  
DTA and t h e  TGA thermograms r e p r e s e n t s  t h e  dehydrat ion o f  tl.e b r u c i t e  
(magnesium hydrox ide) ,  t h e  1.4 p e r c e n t  weight  l o s s  cor responding  t o  a n  ap- 
proximat12 c o n c e n t r a t i o n  o f  4.5 pe rcen t  b r u c i t e .  The t r a n s i t i o n  a t  68O0C 
(1250°F) i n  b o t h  thermograms r e p r e s e n t s  the major dehydroxyla t ion '  r e a c t i o n  
i n  c h r y s o t i l e  a s b e s t o s .  A t  860°C (1580°F), a s h a r p  exotherm, n o t  assoc3.- 
a t e d  w i t h  any weight  change, r e p r e s e n t s  t h e  c o n w r s i o n  o f  t h e  dehydroxyl- 
- 
Pe ) a t e d  c h r y s o t i l e  t o  f o r s t e r i t e  (2  ~ g O * S i 0 ~ )  o r  o l i v i n e  [ 2 ( 1 4 g ~ . ~ ~  
I 
I O*Si02, where x i s  approximately  0.02 t o  0.161. TGA r e s u l t s  f o r  t h e  as-  
I I: b e s t o s  were i d e n t i c a l  i n  a i r  and i n  n i t r o g e n .  Asbestos f i b e r s  are p r e s e n t  i n  g r e a t e r  con- 
c e n t r a t i o n  (by volume p e r c e n t )  than any o t h e r  i n g r e d i e n t  i n  f r i c t i o n  
m a t e r i a l s .  A s  a consequence, both  t h e  r e l a t i v e  c o n c e n t c a t i o n  and t h e  
t y p e  of a s b e s t o s  used (wi th  r e s p e c t  t o  f i b e r  l e z g t h  and "opennessf '  
o r  a b ~ o r ~ t i v e n e s s )  s i g n i f i c z n t l y  a f f e c t  t h e  amount of r e s i n  b i n d e r  
r e q u i r e d  and t h e  p r o c e s s i n g  and performance c h a r a c t e r i s t i c s .  
i 
I ¶ 
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Sheets are continuous In d~rect~on of curvature and normal to plane of sectton; 
fiber axis IS also normal to plane of section. 
F i g u r e  2-2 - Schefiilatic S t r u c t u r e  of C h r y s o t i l e  Asbestos  
I 
2 .2.2.3 Proper ty  Modi f ie r s  
F r i c t i o n  m o d i f i e r s  can i n  g e n e r a l ,  b e  d i v i d e d  
I i n t o  two c l a s s e s  : non-abrasive and a b r a s i v e .  (2-4) Organic  m a t e r i a l s  are I g e n e r a l l y  less a b r a s i v e  t h a n  i n o r g a n i c  a s  d e s c r i b e d  below. 
Non-Abrasive M ~ d i f i e r s  
Non-abrasive f r i c t i o n  m o d i f i e r s  can  be  c l a s s i f i e d  
f u r t h e r  as low f r i c t i o n  and h i g h  f r i c t i o n .  The most common and b e s t  known 
I o f  t h e  h i g h - f r i c t i o n  materials i s  f r i c t i o n  d u s t ,  a cured  r e s i n o u s  material. 
Tile most f r e q u e n t l y  used  v a r i e t y  i s  d e r i v e d  from cured o r  polymerized 
I cashew-nut-shell l i q u i d ,  chemical ly  a p h e n o l i c  compound. When h e a t e d  w i t h  
hardening a g e n t s ,  such  a s  hexamethylenetetramine o r  formaldehyde, i t  be- 
* 
comes s u f f i c i e n t l y  h a r d  o r  polymerized t o  b e  g ranu la ted .  Many o t h e r  cured 
r e s i n o u s  o r  polymeric  materials, some w i t h  f i l l e r s ,  are a l s o  used. C e r -  
'1 
t a i n  f r i c t i o n  d u s t s  are combinations o f  t h e s e  m a t e r i a l s  and cashew r e s i n .  
Ground r u b b e r  is  normal ly  used i n  p a r t i c l e  s i z e s  s i m i l a r  t o ,  o r  s l i g h t l y  
I 
1 
c o a r s e r  than,  t h o s e  o f  t h e  cashew f r i c t i o n  d u s t s  f o r  n o i s e ,  wear, and s 
, .  
a b r a s i o n  c o n t r o l .  , 
Carbon b l a c k ,  g r a p h i t e ,  pet roleum coke f l o u r ,  o r  4 
o t h e r  carbonaceous m a t e r i a l s  may a l s o  b e  added a s  f r i c t i o n  m o d i f i e r s  t o  
lower t h e  f r i c t i o n  c o e f f i c i e n t  o r  t o  reduce  n o i s e .  These m a t e r i a l s  a r e  
normally used i n  t h e  form of f i n e  powders o r  p a r t i c l e s ,  a l though  g r a p h i t e  1 
i s  sometimes used i n  c o a r s e  p a r t i c l e s  o r  p e l l e t s .  The amount of f r i c t i o n  i 
m o d i f i e r  added i s  dependent upon t h e  p r o p e r t i e s  d e s i r e d  i n  t h e  f i n a l  4 
composite. Z 
Abras ive  Modi f ie r s  
Abras ive  m o d i f i e r s ,  such as alumina and s i l ica ,  
I a r e  u s u a l l y  used i n  r e l a t i v e l y  s m ~ l l  amounts and o n l y  i n  v e r y  f i n e  par-  
I 
I / t i c l e  s i z e s  ( g e n e r a l l y  100 mesh o r  f i n e r ) .  P a r t i c l e  s i z e  i s  l i m i t e d  by t h e  f a c t  t h a t  l a r g e  p a r t i c l e s  o f  such h a r d  m a t e r i a l s  would groove and i i 
wear t h e  mating s u r f a c e s .  Minerals  a r e  g e n e r a l l y  added t o  improve wear 1 
4 
r e s i s t a n c e  a t  minimum c o s t .  Those most commonly used a r e  ground l imes tone  i 4 
1 
(whi t ing)  and b a r y t e s  (barium s u l f a t e ) ,  though v a r i o u s  types  o f  c l a y ,  
I 1 
. 
i r 
$ 
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f i n e l y  divided s i l i c a ,  and o t h e r  inexpensive o r  abundant inorganic  pow- 
d e r s  may a l s o  perform t h i s  function. Such ma te r i a l s  a r e  inorganic  i n  
n a t u r e  a ~ d  tcnd t o  d e t r a c t  from no i se  p rope r t i e s  and mating su r f ace  
compat ib i l i ty .  
I Metals o r  metal oxides may a l s o  be  added t o  per- ' i  I form s p e c i f i c  func t ions .  Brass  chips a r e  f requent ly  found i n  heavy-duty I 
f r i c t i o n  ma te r i a l s  where, a s  scavengers,  they break up undesirable  su r f ace  ! 
f i l m s .  Zinc and aluminum a r e  a l s o  used. Zinc chips,  i n  r e l a t i v e l y  smal l  
- 'I 
amounts, can con t r ibu te  s i g n i f i c a n t l y  t o  recovery of normal performance 
I following fade. 2 
2.2.2.4 Resin Binders 
Many types of ma te r i a l s ,  some thermoplast ic  and 
some thermoset t ing,  have been used a s  b inders  i n  f r i c t i o n  ma te r i a l s .  
i 
4 
A s  t h e  hea t - res i s tance  and duty requirements of f r i c t i o n  ma te r i a l s  have j 
increased,  t he  thermoplast ic  types have become more and more inadequate I 
and t h e  thermosetting types have been ca l l ed  upon f o r  t h e i r  g r e a t e r  tem- 
pe ra tu re  and s t r e n g t h  c a p a b i l i t i e s .  I n  s e l e c t i n g  a r e s i n  b inder  o r  b inder  1 
system f o r  f r i c t i o n  ma te r i a l s ,  t h e  yrocessing c h a r a c t e r i s t i c s  must b t  con- 
I 
s ide red  along wi th  f i n a l  f r i c t i o n a l  and o the r  phys ica l  proper t ies .  
Two types of r e s i n  o r  r e s i n  system a r e  used i f i  
p rac t ice .  I n  wet processing, t h e  binder  i s  a viscous l i q u i d  having charac- 
t e r i s t i c s  s u i t e d  t o  t he  more f l u i d  o r  p l a s t i c  processing techniques. The 
most c r i t i c a l  of these  c h a r a c t e r i s t i c s  include v i s c o s i t y  ( c r i t i c a l  i n  t e r m s  I 
of m i x  coverage),  processing time and temperature requi renents  ( c r i t i c a l  i n  
terms of so lvent  evaporat ion) ,  s o l i d s  content  ( c r i t i c a l  f o r  uniformity t o  
I 
ensure t h a t  a l l  ba tches  have t h e  same e f f e c t i v e  r e s i n  b inder  conten t ) ,  and 
I 
"green" s t r e n g t h  ( the  phys ica l  s t r e n g t h  t o  hold toge ther  the  o the r  raw 
I m t e r i a l s  f o r  s a t i s f a c t o r y  handl ing -in the  semi-processed s t a t e ) .  I n  dry j)rocessing, t he  b inder  i s  a powdered ma te r i a l  t h a t  i s  mixed d i r e c t l y  w i th  
the o t h e r  raw ma te r i a l s ;  i t  does n o t  become func t iona l  u n t i l  h e a t  and pres-• 
I s u r e  a r e  applied. Its most c r i t i c a l  c h a r a c t e r i s t i c s  inc lude  p a r t i c l e  s i z e  ( c r i t i c a l  f o r  coverage, uniform dispers ion ,  and u l t ima te  p a r t  s t r e n g t h ) ,  
t 
: 
I f low p r o p e r t i e s  ( c r i t i c a l  i n  t e r n s  of d i s p e r s i o n  and p r o c e s s i n g  r e q u i r e -  
I ments ) ,  and c u r e - r a t e  p r o p e r t i e s  ( t ime  requirements  f o r  o b t a i n i n g  s u i t -  I 
a b l e  p h y s i c a l  p r o p e r t i e s  a t  t h e  v a r i o u s  chemical  s t a g e s ) .  
S y n t h e t i c  r e s i n s  such a s  p h e n o l i c s  and oil-modi- 
I f i e d  o r  o t h e r w i s e  modified phenol ics  are t h e  most commonly used f r i c t i o n  1 3 dI m a t e r i a l  b i n d e r s .  They a r e  prepared by condensa t ion  of t h e  a p p r o p r i a t e  1 I - phenol  (sometimes modified) w i t h  formaldehyde, i n  t h e  p r e s e n c e  o f  an  ! 
a c i d i c  c a t a l y s t  t o  y i e l d  a novolak o r  i n  t h e  p resence  of a b a s i c  c a t a l y s t  1 1 
...,. 9 
t o  y i e l d  a r e s o l e .  Po lymer iza t ion  at e l e v a t e d  t empera tu res  r e s u l t s  i n  - 1 
an i n s o l u b l e ,  i n f u s i b l e  mass. (2-4) 
2 .2 .3  F r i c t i o n  M a t e r i a l  React ions  
2 .2 .3 .1  Absorpt ion and Conversion of Energy 
The auto-mt2bil.e b r a k e  c o n v e r t s  t h e  k i n e t i c  energy 
-5 I 
of  t h e  moving v e h i c l e  i n t o  h e a t ,  absorbs  Lhe h 2 a t ,  and e v e n t u a l l y  d i s s i -  ! 4 
p a t e s  i t  t o  t h e  atmosphere. Phenolic-b ound brake  l i n i g g  composit ions 
c o n t a i n i n g  a s b e s t o s  s e r v e  as one of t h e  b e s t  c l a s s e s  of low-cost expend- 
i 
1 
a b l e  members of t h e  f r i c t i o n  couple  f o r  a l l -around performance. At low 
'1 
1 
energy a b s o r p t i o n  rates, t h e  t a n p e r a t u r e  o f  t h e  f r i c t i o n  material, meas- 
u red  a t  approximately  40 m i l s  (0.10 cm) from t h e  i n t e r f a c e ,  may rise t o  
14g°C (300°F); t h e  i n t e r f a c e  i t s e l f  i s  h o t t e r .  Noet of t h e  h e a t  i s  re- 
moved from t h e  i n t e r f a c e  by convect ion and conduction.  (2-5) At h i g h  
energy a b s o r p t i o n  rates, h e a t  i s  generated f a s t e r  than  i t  can h e  d i s s i -  
p a t e d  and t h e  t empera tu re  a t  t h e  s l i d i n g  i n t e r f a c e  r e a c h e s  a p o i n t  where 
i 
chemical  r e a c t i o n s  occur  r a p i d l y .  S u r f a c e  temperatures  up t o  871°C I 
(1600°F) have been observed o r  c a l c u l a t e d ;  t h e  p r e s e n c e  o f  o l i v i n e  i n  
t h e  wear d e b r i s  confirms t h a t  such temperatures  have been reached. 
I 
I 2.2.3.2 P h y s i c a l  and Chemical Changes i n  L i n i n g s  
I During Use - Figure  2-4 i l l u s t r a t e s  t h e  he te rogenous  n a t u r e  
o f  a typical .  f r i c t i o n  material composed o f  t h e  f o l l o w i n g  i n g r e d i e n t s :  
p h e n o l i c  b i n d e r  (30 volume p e r c e n t )  , a s b e s t o s  f i b e r  (55 volume p e r c e n t )  , 
and cashew f r i c t i o n  m o d i f i e r  (15 volume p e r c e n t ) .  I 
r 
$ i 
I "4 
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# Unchanged / Mater ia l  
I As a r e s u l t  of t h e  energy convers ion a t  t h e  
s t a t o r - r o t o r  i n t e r f a c e ,  t h e  composit ion of t h e  brake l i n i n g  s u r f a c e  is  a l -  / 
t e r e d .  At low s e r v i c e  t empera tu res ,  t h e  p h e n o l i c  r e s i n  and o rgan ic  f r i c -  
t i o n  modi f i e r  c o n v e r t ,  on t h e  s u r f a c e ,  t o  composi t ions  w i t h  s l i g h t l y  
h igher  carbon/oxygen r a t i o s .  At  somewhat h i g h e r  u s e  t empera tu res ,  t h e  
I + 
r e s i n  and o r g a n i c  f r i c t i o n  m o d i f i ~ r  conver t  t o  carbon more r e a d i l y ,  
1 
1 and t h i s  in t u r n  o x i d i z e s  t o  carbon d iox ide .  At t h e  same t i m e ,  t h e  as-  ) 
b e s t o s  wears away more r a p i d l y  because  o t  t h e  reduced b i n d e r  s t r e n g t h  and 
.*" 
volume a t  t h e  s u r f a c e .  A t  s t i l l  h i g h s r  t empera tu res ,  t h e  a s b e s t o s  c o n v e r t s  
from i t s  f i b r o u s  form t o  an  o l i v i n e  powder w i t h  l i t t l e  o r  no r e i n f o r c i n g  
va lue .  F i g u r e  2-5 shows t h e  f r i c t i o n a l - h e a t - a f f e c t e d  l a y e r  o f  l i n i n g  
r..kiich h a s  exper ienced more t h a n  10  s u c c e s s i v e  s t o p s  from 100 mph (161 Kmph) 
wi thou t  s u f f i c i e n t  c o o l i n g  between s t o p s .  (2-6) 
When b e a t  i s  genera ted  a t  t h e  s l i d i n g  i n t e r f a c e  
between s t a t o r  and r o t o r  much f a s t e r  t h a n  i t  can be d i s s i p a t e d ,  t h e  t e m -  
p e r a t u r e  r i s e s  and may r e a c h  a p o i n t  where t h e  l i n i n g  o r  pad components 1 
decompose, o x i d i z e ,  o r  rnelt.  The s t a t o r  m a t e r i a l  t h e n  wears r a p i d l y  and I 
t h e  f r i c t i o n  c o e f f i c i e n t  may decrease .  Th is  i s  fade .  Fade h a s  been a t t r i -  
buted by some t o  e v o l u t i o n  of gas  a t  t h e  s l i d i n g  i n t e r f a c e ;  on h e a t i n g ,  
i 
1 
t h e  gas  expands and e x e r t s  a f o r c e  on t h e  l i n i n g  o r  pad ,  t end ing  t o  
push i t  away from t h e  r o t o r .  (2-7) Fade can g e n e r a l l y  b e  hsc r ibed  t o  che 
fo rmat ion  of a gaseous ,  l i q u i d ,  o r  l o w - f r i c t i o n  s o l i d  phase a t  t h e  i n t e r -  
f a c e ,  o r  t o  some combination of t h e s e  phenomena. F i g u r e  2-6 summarizes 
t h e  p h y s i c a l  and chemical  changes which t a k e  p l a c e  iri t h e  f r i c t i o n  m a t e r i a l  i 
* 
a s  t h e  t empera tu re  r i s e s .  (2-8) F igure  2-7 summarizes t h e  p h y s i c a l  and 
chemical  changes which t a k e  p l a c e  i n  t h e  c a s t - i r o n  r o t o r  a s  t h e  t empera tu re  
I rises. 
I 
I 2.2 .4  Brake L in ing  Wear Mechanisms 2 .2 .4 .1  Types of Wear 
, From t h e  b a s i c  f r i c t i o n  m a t e r i a l  eng ineer ing  
standpoint, wear r e s i s t a n c e  i s  i n v e r s e l y  r e l a t e d  t o  f r i c t i o n  l e v e l  and 
I 
i 3 
I 
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o t h e r  d e s i r a b l e  performance c h a r a c t e r i s i t i c s .  L in ings  w i t h  f a s t e r  wear I 
1 rate and more f r e q u e n t  s u r f a c e  renewal g e n e r a l l y  have g r e a t e r  f r i c t i o n a l  
I 
s t a b i l i t y .  Th i s  c i rcumstance  i s  used t o  advantage i n  t h e  development 
I 
of primary-type l i n i n g s  f o r  duo-servo b rakes ,  where, because of des ign ,  - 
t h e  s t a b i l i t y  of f r i c t i o n a l  p r o p e r t i e s  i s  of g r e a t e r  s i g n i f i c a n c e  t o  
b r a k e  performance t h a n  i s  wear r e s i s t a n c e ;  u s e  of primary l i n i n g s  w i t h  
t o o  much wear r e s i s t a n c e  r e s u l t s  i n  poor  f a d e  r e s i s t a n c e .  less f r i c t i o n a l  
s t a b i l i t y ,  and g e n e r a l l y  poor o v e r a l l  performance.  
Except i n  t h e  c a s e  of primary l i n i n g s ,  however, 
i 
o n e  of t h e  f o r m u l a t o r ' s  o b j e c t i v e s  must b e  t o  a c h i e v e  t h e  h i g h e s t  p o s s i b l e  
l e v e l  of wear r e s i s t a n c e .  Contrary  t o  t h e  op in ion  of some, maximum l i f e  
does n o t  r e q u i r e  a f r i c t i o n  m a t e r i a l  of maximum physical .  hardness .  What 
i s  d e s i r a b l e  is  a minimum wear r a t e  i n  normal low-temperature u s e ,  a 
moderate ly  i n c r e a s e d  r a t e  a t  e l e v a t e d  t empera tu res ,  and a r e t u r n  t o  
t h e  o r i g i n a l  low-teinperature wear r a t e s  a f t e r  be ing  s u b j e c t e d  t o  e l e v a t e d  
t empera tu res .  
T o t a l  l i n i n g  wear may b e  def ined  as t h e  sum t o t a l  
o f  t h e  l o s s e s  a s s o c i a t e d  wi th  fLve b a s i c  t y p e s  of wear. ( 2 -9 )  
o a b r a s i v e  wear 
I P y r o l y s i s  probably  o c c u r s  predominant ly  a t  t h e  I 1 
I c e n t e r s  o f  l i n i n g s  and pads and t o  a lesser e x t e n t  a t  t h e  c o r n e r s  and 
edges .  Oxidat ion,  on t h e  o t h e r  hand, probably  predominates a t  t h e  cor-  
n e r s  and edges  and i s  less s e v e r e  a t  t h e  c e n t e r .  Exp ios ive  r e a c t i o n s  
occur  under  h i g h l y  a b u s i v e  b r a k i n g  c o n d i t i o n s ,  where t h e  r a t e  o f  h e a t  in -  
p u t  is s o  h igh  t h a t  s o l i d s  are conver ted t o  g a s e s  w e l l  benea th  t h e  su r -  
f a c e ;  because  t h e s e  gases  a r e  g r e a t e r  i n  volume than  t h e  s o l i d s  they d i s -  
I 
I p l a c e ,  they c r e a t e  a p r e s s u r e  t h a t  r u p t u r e s  t h e  l i n i n g  i n  an  e x p l o s i v e  
I 
, manner. 
i 
I Table  2-3 - Wear Mechanisms i n  F r i c t i o n  M a t e r i a l s  . 
I 
I 
THERMAL wE'AR ADHE S TVE W'AR -
PYROLYSIS ORGANIC MATERIAL ADHESION 
OXIDATION BINDER 
THERMOPARTICULATION FRICTION DUST 
MELTING RUBBER 
EVAPORATION INORGANIC MATERIAL ADHESION 
SUBLIMATION METAL PARTICLES 
EXPLOSION ICE 
ABRASIVE WEAR FATIGUE WEAR 
TWO-BODY THERMAL 
ASPERITIES CYCLING 
SCORING SHOCK 
CRACK EDGES MECHANICAL 
P I T  EDGES REPEATED BRAKING 
THREE-BODY DRUMS OUT OF ROUND 
WEAR DEBRIS DISCS OUT OF PARALLEL 
ROAD DUST 
MACRO-SHEAR WEAR 
ACROSS THE PAD 
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It might b e  thought  t h a t  r a p i d  thermal  wear occurs  
;'c 
only  a t  h i g h  soak  temperatures .  I n  f a c t ,  however, thermal  wear probably 
occurs  a t  a p p r e c i a b l e  r a t e s  a t  low soak  temperatures  as It h a s  
been shown t h a t  t h e  materials i n  a s l i d i n g  f r i c t i o n  c o u p l e  c o n t a c t  each 
1 o t h e r  a t  t h e  t o p s  of a s p e r i t i e s  on t h e i r  s u r f a c e s .  There  is c o n s i d e r a b l e  4 1 a 
ev idence  t o  i n d i c a t e  t h a t  t h e  temperature  i n c r e a s e  a t  t h e s e  a s p e r i t  es 
f o r  low s l i d i n g  speeds is  r e p r e s e n t e d  by t h e  e q u a t i o n  (2-10, 2-11) 
i i i 
I where 4 
" j 
I T  i s  t h e  " f l ash"  t empera tu re  , 
I i 
I T  o  i s  t h e  soak t empera tu re  
1 
I " 
I g  is  t h e  a c c e l e r a t i o n  due t o  g r a v i t y  
I 
I p is  t h e  c o e f f i c i e n t  o f  f r i c t i o n  1 
, 
v is  t h e  s l i d i n g  v e l o c i t y  I 
I 
w is  t h e  l o a d  on t h e  a s p e r i t y  4 
I i a is t h e  r a d i u s  of t h e  a s p e r i t y  jun:tion I 1 
J i s  t h e  mechanical  e q u i v a l e n t  of h e a t  
1 
I k  i s  t h e  the rmal  c o n d u c t i v i t y  o f  t h e  d i s c ,  and 
1 
k2 i s  t h e  thermal  c o n d u c t i v i t y  of t h e  s l i d e r .  
M o d i f i c a t i o n s  of t h i s  e q u a t i o n  have a l s o  been developed f o r  h i g h  s l i d i n g  
t 
speeds .  Experiments i n d i c a t e  t h a t  t h e  f l a s h  t empera tu re  may be a s  h i g h  
as 1400°F (760°C) i f  t h e  s o a k  t empera tu re  i s  650°F (343°C). This  f l a s h  
t empera tu re  i s  h i g h  enough t o  cause r a p i d  l o c a l i z e d  p y r o l y s i s  of t h e  
o r g a n i c  compotlnds used i n  f r i c t i o n  m a t e r i a l s ,  as w e l l  a s  convers ion of 
---------- 
* Soak tempera tu res  a r e  temperatures  measured d u r i n g  dynamometer o r  v e h i c l e  
t e s t i n g ,  us ing  a  thermocouple l o c a t e d  i n  t h e  f r i c t i o n  m a t e r i a l  o r  i n  
t h e  r o t o r ,  g e n e r a l l y  a t  a d i s t a n c e  of 20 t o  50 m i l s  (0 .051 t o  0 .13 cm) 
from t h e  s l i d i n g  i n t e r f a c e .  
C 
i? m a r t e n s i t e  i n  t h e  c a s t - i r o n  mating s u r f a c e .  i 
2.2.4.3 Abras ive  Wear 
Abras ive  wear i s  of two types:  two-body wear 
(F igure  2-8) and three-body wear (F igure  2-9). Plowing b y  a s p e r i t i e s  on 
I t h e  r o t o r  s u r f a c e  and plowing by edges i n  rough-machined, scored ,  cracked,  1 I - o r  corroded ( p l t t e d )  r o t o r s  a r e  examples of two-body wear. Grinding 1 1 
t by wear d e b r i s  and by f o r e i g n  p a r t i c l e s  such a s  sand,  c l a y ,  mud, o r  s a l t  1 .."4 
i n  t h e  s l i d i n g  i n t e r f a c e  is three-body wear.  
Abras ive  wear would b e  expected t o  i n c r e a s e  w i t h  
temperature .  It i n c r e a s e s  a l s o  w i t h  t h e  b r a k i n g  l o a d  and w i t h  t h e  concen- 
1 t r a t i o n ,  s i z e ,  and hardness  of f o r e i g n  p a r t i c l e s .  It may b e  accompanied ,% 
I 1 
by n e g a t i v e  f a d e .  
F igure  2-10 i s  a scanning e l e c t r o n  photomicro- 
graph of a dynamometer-tested f r i c t53n  m a t e r i a l  showing t h e  a b r a s i v e  wear 
t r a c k s  on t h e  s u r f a c e .  S e v e r a l  adherent  wear d e b r i s  p a r t i c l e s  a r e  s i m i -  
lar i n  s i z e  t o  t h e  wear t r a c k  wid ths .  ! 
2.2.4.4 Adhesive Wear 
Adhesive wear, i l l u s t r a t e d  i n  F i g u r e  2-1.1, invo lves  
t h e  adhesion of o r g a n i c  and/or  i n o r g a n i c  m a t e r i a l s  t o  t h e  r o t o r  and t h e  
subsequent  t e a r i n g  o r  s e p a r a t i o n  of t h e s e  m a t e r i a l s  from t h e  l i n i n g  o r  
Organic c o n s t i t u e n t s  of f r i c t i o n  m a t e r i a l s  i n c l u d e  
t h e  b inder ,  f r i c t i o n  modi f l e r s  and e l a s t o m e r i c  compounds. I n o r g a n i c  con- 1 
s t i t u e n t s  i n c l u d e  z i n c  powder, b r a s s  c h i p s ,  and a s b e s t o s .  L i t t l e  i s  known 
a b o u t  t h e  tendency of t h e s e  m a t e r i a l s  t o  adhere  t o  t h e  c a s t  i r o n  used 
i n  today ' s  drums and d i s c s ,  though exper ience  w i t h  h o t  e l a s t o m e r i c  com- 
pounds s u g g e s t s  t h a t  e las tomers  a r e  v e r y  l i k e l y  t o  s t i c k .  Experiments 
a t  Bendix Research L a b o r a t o r i e s  i n d i c a t e  t h a t  b r a s s  c h i p s  w i l l  a l l o y  
w i t h  c e r t z i n  nonfe r rous  r o t o r  a l l o y s .  (2-12) When t h i s  occurs ,  m e t a l  
i s  t r a n s f e r r e d  from t h e  r o t o r  t o  t h e  l i n i n g ,  s c o r i n g  t h e  s u r f a c e  of t h e  
r o t o r  and i n  t u r n  s u b j e c t i n g  t h e  l i n i n g  t o  a h i g h  r a t e  of two-body abra-  
s i v e  wear. 
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Adhesive wear probably  i n c r e a s e s  w i t h  temperature ,  
braking l o a d ,  and t h e  c o n c e n t r a t i o n  o f  adheren t  components i n  t h e  f r i c -  
t i o n  m a t e r i a l .  It is  a l s o  caused by t h e  p resence  i n  t h e  f r i c t i o n  m a t e r i a l  
of m e t a l  p a r t i c l e s  c a p a b l e  of s o l u t i o n  i n  o r  r e a c t i o n  w i t h  ehe  r o t o r  
a l l o y ,  i n c r e a s i n g  w i t h  t h e  s i z e  and c o n c e n t r a t i o n  of such p a r t i c l e s .  
Because t h i s  t y p e  of wear can cause  s t i c k - s l i p ,  i t  may b e  a s s o c i a t e d  
wi th  b r a k e  n o i s e .  
2.2.4.5 F a t i g u e  Wear 
F a t i g u e  wear (F igure  2-12) i s  most commonly ob- 
served i n  metal bear ings .  However, it may a l s o  b e  exper ienced by o rgan ic  
f r i c t i o n  m a t e r i a l s ,  o c c u r r i n g  i n  twcr forms, thermal and mechanical .  
Thermal f a t i g u e  i s  caused by repea ted  h e a t i n g  and 
coo l ing .  Such r e p e a t e d  t empera tu re  changes impose c y c l i c  s t r e s s e s  on 
t h e  sz,lrface mater ia l . ,  which h e a t s  and c o o l s  more r a p i d l y  than t h e  b u l k  
m a t e r i a l  and t h u s  expands and c o n t r a c t s  t o  a g r e a t e r  e x t e n t .  Because 
of t h e i r  low the rmal  c o n d u c t i v i t i e s ,  t h e  thermal g r a d i e n t s  and r e s u l t a n t  
thermal  stresses i n  o r g a n i c  f r i c t i o n  m a t e r i a l s  may be h i g h e r  than t h o s e  
i n  meta l s .  , 
Thermal-shock c rack ing  may be thought of as a 
s p e c i a l  c a s e  of thermal  f a t i g u e ,  occur r ing  as a  r e s u l t  01 a s i n g l e  abus ive  
loading.  
Mechanical f a t i g u e  i s  caused by  repea ted  mechanical 
s t r e s s i n g .  Because of t h e  f requency of b r a k e  u s e ,  f r i c t i o n  m a t e r i a l s  
I 
a r e  s u b j e c t e d  repeaced ly  t o  b o t h  compression and s h e a r  f o r c e s .  Addi- 
t i o n a l  s t r e s s e s  a r e  a l s o  a p p l i e d  r e p e a t e d l y  i f  drums a r e  out-of-round, 
i f  d i s c s  a r e  o u t - o f - p a r a l l e l ,  o r  i f  r o t o r  t h i c k n e s s  i s  n o t  uniform. 
I F i g u r e  2-10 shows t h e  i n i t i a z i o n  of f a t i g u e  wear 
I 
I around t h e  l a r g e  cashew par t ic1 .e .  Th i s  m a t e r i a l  swells when heated and thus  t h e  s u r f a c e  wears.  A f t e r  coo l ing ,  t h e  p a r t i c l e  c o n t r a c t s ,  c racks ,  
and p u l l s  away from t h e  edges.  When t h e  p a r t i c l e  i s  complete ly  l o o s e ,  
i t  can f a l l  o u t .  
I i 
I 
i 
$ 
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Figu re  2-12 - Ifechanism of F a t i gue  Wear 
2.2.4.6 Macroshear Wear 
Three types  of m a t e r i a l  removal f a l l  i n  t h e  
category of macroshear wear,  which i s  i l l u s t r a t e d  i n  F igure  2-13. 
A f r a c t u r e ,  i n  s h e a r ,  may occur  a c c r o s s  t h e  e n t i r e  
b r a k e  pad under extremely heavy load ing ,  e s p e c i a l l y  i f  t h e  f r i c t i o n  ma- 
t e r i a l  h a s  p r e v i o u s l y  been weakened by h e a t .  Th i s  i s  a  sudden r a t h e r  than  
a gradua l  t y p e  o f  wear. 
F r a c t u r e  a t  t h e  edges and c o r n e r s  of a  p i e c e  of 
f r i c t i o n  m a t e r i a l  is  a n o t h e r  t y p e  of macroshear wear. Oxidat ion of or-  
g a n i c  compofients weakens t h e  f r i c t i o l l  m a t e r i a l  a t  t h e s e  l o c a t i o n s .  
A t h i r d  type  of macroshear wear can occur  when a  
f r i c t i o n  m a t e r i a l  such a s  t h a t  shown i n  F i g u r e  2-12 is  s u b j e c t e d  t o  heavy 
load ing  follorc.ing. thermal  abuse .  The h e a t - a f f e c t e d  l a y e r  i n  t h e  m a t e r i a l  
p i c t u r e d  i s  about 100 m i l s  (0.25 cm) deep,  and from t h i s  l a y e r  o r g a n i c  
m a t e r i a l  h a s  been removed by p y r o l y s i s .  I f  s u f f i c i e n t l y  weakened, such a  
l a y e r  can be  sheared  away by a  s i n g l e ,  heavy b r a k e  a p p l i c a t i o n .  
Whatever the  mechanism, macroshear wear is  promoted 
by nonuniform load ing  and by o x i d a t i o n  and thermal  d e g r a d a t i o n  of t h e  b i n d e r .  
I t  i s  most l i k e l y  t o  occur  a t  e l e v a t e d  temperatures  and under s e v e r e  b r a k i n g  
c o n d i t i o n s .  I ts end p roduc t s  a r e  t y p i c a l l y  l a r g e  f ragments  of f r i c t i o n  
m a t e r i a l  t h a t  l e a v e  t h e  s u r f a c e  rough. These f ragments  sub j e c r  t h e  rema inkzg 
f r i c t i o n  m a t e r i a l  t o  plowing o r  a b r a s i v e  wear,  and w h i l e  they  a r e  p r e s e n t  
i n  t h e  i n t e r f a c e ,  f r i c t i o n  behaviour w i l l  be e r r a t i c .  
2.2.4.7 Predominant Wear Mechanisms I 
The predominant wear generaxion mechanism may b e  t 
summarized s imply (F igure  2-14): (2-13) O 
I o  Below 232OC (450°F) 
1. Abrasive  and adhes ive  wear. 
1 o  Above 232°C (450°F) 
I 
, l'hermal wear. 
F igure  2-15 i l l u s t r a t e s  t h e  wear l o s s  o f  t h r e e  d i f f e r e n t  f i n d s  of f r i c t i o n  
materials as a f u n c t i o n  o f  temperature ,  i l l u s t r a t i n g  t h e s e  predominant wear 
I 
I I mechanisms. 
I 
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2.2.4.8 Wear Equat ion 
Vork a t  Bendix Research L a b o r a t o r i e s  h a s  i n d i -  
c a t e d  t h a t  eac:h f r i c t i o n  material wears  a t  a  g iven  t empera tu re  accord ing  
t o  a u n i v e r s a l  wear equation. (2-14) 
:Log (Awl = l o g  k + a  l o g  P + b  l o g  V + c  l o g  t 
where 
b,cr i s  t h e  weight  l o s t  
I 
I k i s  t h e  wear f a c t o r  
I 
I p  i s  t h e  l o a d  I 
V is t h e  s l i d i n g  v e l o c i t y  , 2 
t i s  t h e  t i m e  of s l i d i n g ,  and 'r : 
1 
a , b , c  a r e  c o n s t a n t s  c h a r a c t e r i s i t i c  of a  g i v e n  f r i c t i o n  couple .  a 
A s  development c o n t i n u e s ,  t h i s  e q u a t i o n  w i l l  be  
u s e f u l  f o r  p r e d i c t i n g  wear under v a r i o u s  c o n d i t i o n s  of use .  
t 
J 
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SECTION 3 
E W ERIMENTAL 
The s p e c i f i c  experimental i ng red ien t s  - potitssium t i t a n a t e  f i b e r ,  
I - polyphenylene f r i c t i o n  modif iers  and polyimide r e s i n  b inders  - were 
1 evaluated by determining the  e f f e c t  on performance of  t h e i r  subs t i t u -  I ... -4 t i on  f o r  corxesponding ingredien ts  j,n a commercial brake l i n ing .  I n  - I Phase I, the  pure .materials and s e l e c t e d  experimental formulations were 
charac te r ized  by physical  and chemical methods; t h e  f r i c t i o n  and wear 
p rope r t i e s  of a l a r g e  number of composite f r i c t i o n  ma te r i a l s  were mea- 
sured wi th  a sample dynamome.ter (Chase Machine). The most promising 
formulat ion r e s u l t i n g  f r o n  t h i s  sc reening  ~ ~ 7 s  subjec ted  to  fu l l - s ca l e  
i n e r t i a l  dynamometer t e s t s  f o r  eva lua t ion  of f r i c t i o n  and wear proper- 
t i e s  i n  Phase 11. 
This s ec t ion  t r i l l  t r e a t  
3.1 . t h e  cha rac t e r i za t ion  of experimental i ng red ien t s ,  
!I 
3.2 . t h e  f a b r i c a t i o n  and cha rac t e r i za t ion  of composite i 
experimental f r i c t i o n  ma te r i a l s ,  
3.3 . procedures f o r  dynamometer t e s t i n g  of f r i c t i o n  mater ia l s .  
Resul t s  of f r i c t i o n  and wear t e s t s  w i l l  be  presented and discussed 
i n  Sect ion 4. 
3.1 EXPERIMENTAL INGREDIENTS 
3.1.1 Potassium Ti tana te  F iber  
I 
$1 
The generic  i ng red ien t  of automotive f r i c t i o n  ma te r i a l s  
f:' represent ing  the  f ibrous  r e in fo rc ing  agent  i s  normally included in the  
form of asbes tos ,  a s  described i n  Sect ion 2. An at tempt  was made i n  t h i s  
s tudy ro r ep lace  pa r t  o r  a l l  of t h e  asbes tos  with a s y n t h e t i c  potassium 
t i t a n a t e  f i b e r  having very good thermal s t a b i l i t y ,  b u t  wi th  hardness 
/ 
lower than t h a t  of asbestos  f o r  p o t e n t i e l l y  lower brake l i n i n g  and metal 
r o t o r  wear. General proper t ies  of t he  ma te r i a l  a r e  a s  fol lows:  
Formula: (K20), (Ti02),, z /x  a 8  
Average f i b e r  length: 8-10 pm 
Average f i b e r  diameter: 0.10 - 0.15 pm 
Flelting po i r  : : 2300-2390°F (1260-1310°C) 
Moh hardness: 3 
Density: a3.3 g/cn3 
BET (N2) Surface area:  7-10 rn2lgrn 
Addi t iona l  p rope r t i e s  a r e  given by Linsen and Regester  (3-1) 
I Thermogravimetric ana lys i s  (TGA) of the  potassium t i t a n a t e  -" 
f i b e r ,  Figure 3-1, i n d i c a t e s  no weight l o s s  t o  1000°C ( 1 8 3 2 ' ~ ) ~  showing 
t h e  n a t e r i a l  t o  be  thermally s t a b l e .  This  may b e  compared t o  asbes tos  
i n  Figure 2-3, which undergoes two decompositionssteps below 750°C (1382OF). 
D i f f e r e n t i a l  thermal ana lys i s  (DTA) of  t h e  potassium t i t a n a t e  f i b e r  a l s o  
I , - 
shows a complete absence of d i s t i ngu i sh ing  f ea tu re s ,  Figure 3-1, once 
again showing i t s  thermal s t a b i l i t y  i n  t h e  range of i n t e r e s t .  X-ray 
d i f f r a c t i o n  s p e c t r a  of the f r e s h  ma te r i a l ,  a s  we l l  a s  a sample t h a t  had 
I 
I I been heated t o  1000°C (1832OF) proved extremely complex and could n o t  be 
, analyzed i n  complete de t a i l .  Ind ica t ions  a r e  t h a t  a s l i g h t  modif icat ion 4 
1 
h a s  taken p l a c e  a s  a r e s u l t  t o  exposure t o  t he  h igh  temperature. The I 
h ea t - t r ea t ed  sample matches q u i t e  w e l l  a re ference  spectrum f o r  a com- 
I pound with t h e  empir ica l  formula K2Ti6013. i 
f 
3.1.2 Polyphenylenes I 
, Prel iminary t e s t s  a t  NASA-ARC ind ica t ed  t h a t ,  under cer-  1 
I t & i n  condi t ions ,  some h ighly  thermally s t a b l e  mater ia l s  of t h e  genera l  
I 
I I c l a s s  known a s  polyphenylene exhib i ted  h igh  f r i c t i o n .  A d e t a i l e d  account 1 
! 
o f  the  syn thes i s ,  scaled-up production processing and some p r o p e r t i e s  of 
B I i t h e  s p e c i f i c  type of polyphenylene used i n  t h i s  program may be found i n  
t h e  r epo r t  by Vincent and Hamermesh. (*2) A thorough desc r ip t ion  of 
I 
I i t s  s t r u c t u r e  and p rope r t i e s  have been given r ecen t ly  by Lerner.  (3-3) I 
I 
I 
, 
! 
I 
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The observed h igh  f r i c t i o n  thus l e d  t o  t h e  eval.uation of / 1 
polyphenylene, t r e a t - d  by s e v e r a l  d i f f e r e n t  processes ,  a s  f r i c t i o n  modi- 
I ; 
f i e r s  i n  t h i s  study. I n i t i a l l y  three  types w e r e  provided by NASA, cor- 
responding t o  molding a t  ARC of a pre-polymer under high pressures  
8 2 (20,000 p s i  = 1.38 x 10 ~ / m  ), and curirig i n  an oxygen-free atmosphere 
a t  temperatures of 650, 750 and 1000°C (1202, 1382, and 1832"F), respec- 
t i ve ly .  Ear ly  r e s u l t s  of f r i c t i o n  t e s t s ,  however, l e d  t o  t h e  b r i e f  
examination of s e v e r a l  a d d i t i o n a l  types,  inclui;.: ng uncured pre-polymer 
t h a t  had been ex t r ac t ed  wi th  chloroform t o  remove an impuri ty ,  o r  
"washed. " 
These ma te r i a l s  were suppl ied  j.n t h e  form of small blocks 
approximately 10 x 10 x 2 mm i n  dimension, Dens i t ies  w e r e  obtained by 
c a r e f u l  measurement and weighing of a number of blocks of each type,  and 
are l i s t e d  i n  Table 3-1. For incorpora t ion  i n t o  f r i c t i o n  ma te r i a l s  t hese  
blocks were broken up and ground t o  s i z e  40 mesh i n  a Wiley m i l l .  Psr- 
t i o n s  of t h e  ground ma te r i a l  were subjected t o  TGA and DTA t o  e s t a b l i s h  
t h e i r  thermal  s t a b i l i t y .  
Table 3-1 - Description and Measured Dens i t ies  
of Polyphenylenes 
I 
Density 
Mater ia l  Abbreviation (F/  cm3> 
Uncured pre-polymer (a )  Poly U 0.98 
Uncured pre-polymer, washed (b Poly UW 1.01 
650°C (1202O~) cure f o r  5 hours Poly 650 1.21 
750°C (1382°F) cure f o r  3 hours Poly 750 1.32 
1000°C (1832OF) cure f o r  1 hour Poly 1000 1.23 
I 650°C (1202OF) cured, washed (b 
I 
Poly 650W 0.90 
I d 8 2 Notes: (a) Every sample was pressed a t  20,000 p s i  (1.38 x 10 ~ / m  ).(b) Pre-polymer ex t r ac t ed  wi th  chloroform be fo re  press ing  
and curing. 
I 
, 
I 
i I 
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Thermograms f o r  a l l  t h e  polyphenylenes thus examined a r e  
given i n  F igures  3-2 t o  3-6, and can genera l ly  be i n t e r p r e t e d  a s  indica-  
t i n g  t h a t  they  a r e  indeed h ighly  s t a b l e  organic  mater ia l s .  Comparing 
f i r s t  t he  Poly 650 t o  Poly 750, t h e  major f e a t u r e s  a r e  e s s e n t i a l l y  
i d e n t i c a l ,  i n d i c a t i n g  l i t t l e  advantage f o r  the h igher  temperature cure. 
TGA under n i t rogen  (Figure 3-2 and Figure 3-4) shows no weight l o s s  up 
t o  650°C (1202°F). I n  a i r ,  a slow ox ida t ive  degradat ion s e t s  i n  .above 
550 t o  590°C (1022 o r  1094"F), and cont inues u n t i l  t h e  material i s  
t o t a l l y  consumed a t  840 o r  850°C (1544 o r  1562°F). Decomposition r a t e s  
above 720°C (1328°F) a r e  i d e n t i c a l .  There a r e  n o t  s i g n i f i c a n t  f ea tu re s  
i n  t h e  DTA's  (Figures  3-3 and 3-5); a  poss ib l e  very broad and shallow 
endother~n above 500°C (932°F) may correspond t o  the  onse t  of ox ida t ive  
degradation i n  t h e  case of a i r  purge. TGA of t h e  Poly 1000, Figure 3-6, 
shows i t  t o  b e  very s i m i l a r  t o  t h e  others .  The curves f o r  both n i t rogen  
and a i r  purge a r e  n o t  d i s t i ngu i shab le  from those  f o r  Poly 750. The only 
d i f f e r ences  t h a t  can b e  observed between t h e  two i s  t h e i r  ox ida t ive  de- 
compos i t i~ i l  r a t e  above 680°C (1256OF), and t h e  temperature a t  which 
oxida t ion  i s  complete: 
Polyphenylene Decomposition Temperature of 
Cure Tenperature Rate T o t a l  Consump t ion  
750°C (1382°F) 0.096 m g / " ~  850°C (1562°F) 
1000°C (1832OF) 0.081 m g / " ~  885°C (1625°F) 
I 
The o t h e r  polyphenylenes used were n o t  cha rac t e r i zed  f u r t h e r .  
3.1.3 Polyimide Resins 
3.1.3.1 Thermal Analysis 
I 
I The inc lus ion  of a  h ighly  s t a b l e  f r i c t i o n  modi- 
I fi .er such a s  polyphenylene was more l i k e l y  t o  be succes s fu l  i n  producing 
I an improved f r i c t i o n  ma te r i a l  i f  i t  were accompanied by replacement of 
t he  commonly used phenolic r e s i n  binder  by a  rnore thermally s t a b l e  
bf-nder. To t h a t  end, two types of polyimide r e s i n  were suppl ied  f o r  
I t h i s  s tudy,  i d e n t i f i e d  a s  Maleimide 061 and Ma1eimi.de 074 and which 
i i 
> 
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F i g u r e  3-6 - TGA Thennogram of Polyphenylene Cured a t  1000°C. (1832 '~ )  
Atmosphere: Flowing A i r  o r  Flowing Hi t rogen ,  40 cc/min 
I - 
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i 
w i l l  b e  a b b r e v i a t e d  h e r e a f t e r  a s  M061 and M074, r e s p e c t i v e l y .  M061 i s  1 1 
a commerciaZ ;es in  o f  a c l a s s  t h a t  h a s  been amply d e s c r i b e d  i n  t h e  
l r t e r a t u r e .  (3-4,3-5) The M0'74 is t h e  r e s i n  whose s y n t h e s i s  and proper-  
t ies  are d e s c r i b e d  i n  t h e  paper  by Gilwee, Rosser  and Parker .  (3-6) They 
I were c h a r a c t e r i z e d  i n  t h i s  s t u d y  by the rmal  a n a l y s i s ,  t h e  r e s u l t s  o f  1 I 'L 
which are shown i n  F i g u r e s  3-7 t o  3-13. Sample 1018A was 11074, pan- 
cured  f o r  1 6  hours  ar  4 4 0 " ~  (227"C), and 1018C was M061 exposed t o  t h e  
I same t r e a t n e n t .  Sample 1018B was $1061 t h a t  had been press-cured f o r  i 
.. .a 
6 minutes a t  440°F (227"C), fo l lowed by a 16 hour  post -cure  i n  an open 
. - 
pan a t  t h e  same temperature .  
The on ly  major conc lus ion  t h a t  can be  drawl) f rom 
t h e  the rmal  a n a l y s i s  of the r e s i n s  i s  t h a t  t h e  M074 i s  cons iderab ly  more i 
i 
I 
s t a b l e  t h a n  t h e  M061, toward bo th  t h e r m a l  and o x i d a t i v e  degrada t ion .  I n  1 
a n i t r o g e n  atmosphere, t h e  M074 (1018A) thermogram (Figure  3-7) shows 
t h e  o n s e t  of thermal  degrada t ion  a t  450°C (842"F), w i t h  a s h a r p  i n c r e a s e  
between 500°C (932°F) and 550°C (1022°F) and a subsequer~t: slow decompo- 
s i t i o n  l e a d i n g  t o  a 40% l o s s  o f  material a t  900°C (1652°F). With a i r ,  
o x i d a t i v e  degrada t ion  beg ins  a t  430°C (8066F) and proceeds  s t e a d i l y  
u n t i l  a l l  t h e  materia.1 is consuwd a t  830°C (1526°F). The DTA's (Fig- 1 
u r e s  3-8 and  3-9) show a s h a r p  endothenn a t  513°C (950°F), i n d i c a t i n g  
a r a p i d  d e g r a d a t i o n  t h a t  i s  a p p a r e n t l y  independent  o f  t h e  p resence  o f  
oxygen: i t  cor responds  t o  t h e  thermal  decomposit ion observed i n  t h e  
TGA, espec ia l ly  i n  t h e  c a s e  o f  n i t r o g e n  purge. 
Two samples of M061 were t e s ted : ,  one was molded, 
p ress -cured  and pan-cured (1018B), w h i l e  t h e  o t h e r  was o n l y  pan-cured 
(1018C). The thermograrns f a r  b o t h  ( 5 i g u r e s  3-10 t o  3-13) are very  
I similar, though 1018C shows somewhat more r a p i d  o x i d a t i v e  d e g r a d a t i o n  
I 
I i above 580°C (1076°F). The two c l e a r  s t e p s  i n  t h e  TGA a n a l y s e s  can  b e  exp la ined  as a thermal  degrada t ion  beg inn ing  a t  370" c (69 8°F) , augmented 
I by a second, o x i d a t i v e ,  d e g r a d a t i o n  a t  550°C (1022°F). The DTA curves  a l l  show an exotherm a t  360-380°C (680-716"F), fo l lowed  by a n  endotherm I a t  440-460°C (824-860°F). Th i s  may i n d i c a t e  a delayed c u r e  o f  t h e  M061; 
f u r t h e r  T n v e s t i g a t i o n  i n t o  t h e  p r o c e s s i n g  of t h i s  m a t e r i a l  f o r  op t imal  
c u r i n g  was c a r r i e d  o u t  and w i l l  b e  d e s c r i b e d  below. 
i L 
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Thermograms f o r  a t y p i c a l  p h e n o l i c  r e s i n  are 
i n c l u d e d  i n  F igure  3-14 f o r  purposes  o f  comparison. 
3.1.3.2 Determinat ion o f  B e s t  Cure Condi t ions  f o r  
Composites 
To determine t h e  b e s t  c u r e  c o n d i t i o n s  f o r  each  1 4  
o f  t h e  two polyimide r e s i n  b i n d e r s  s i x t e e n  composite samples were pre-  
pa red ,  eigh: w i t h  t h e  NO61 and e i g h t  w i t h  M074. The composit ion of 
1 1 
3 
t h e  composite was: 
Potass ium T i t a n a t e  F i b e r  50% (by wt.) 
Polyimide Resin  25% (by wt.) 
Graph i te  Powder 25% (by wt.) 
The g r a p h i t e  was used i n  p l a c e  o f  t h e  polyphenylene t o  conserve  mate- 
ra i ls ,  s i n c e  n e i t h e r  g r a p h i t e  n o r  polyphenylene was expec ted  t o a a f f e c t  
t h e  polyimide cure .  
Thz compusite samples were p r e p a r e d  by f i r s t  
dry-blending t h e  i n g r e d i e n t s  i n  a Pa t t e r son-Kel ly  Four-Quart  C a n t i l e v e r e d  
Twin S h e l l  Laboratory  Blender  w i t h  i n t e n s i f i e r  b a r  and then  compression- 
molding t h e  samples i n t o  1.25 i n c h  d iamete r  x 0.25 i n c h  (3.2 x 0.6 cm) 
d i s c s  us ing  t h e  t i m e  d u r a t i o n ,  t empera tu res  and p r e s s u r e s  i n d i c a t e d  i n  
T a b l e  3-2. 
The P-K C a n t i l e v e r  Twin S h e l l  Labora to ry  Blender  
w i t h  i n t e n s i f i e r  b a r  proved t o  b e  an  e f f i c i e n t  method of  b l e n d i n g  po tas -  
s ium t i t a n a t e  f i b e r  w i t h  s o l i d  r e s i n .  A two-minute mix p e r i o d  w a s  
\ 
s u f f i c i e n t  t o  produce homogeneous b lends .  The use  o f  t h e  i n t e n s i f i e r  
b a r  was found n e c e s s a r y  t o  produce good b lends .  Whenever a s b e s t o s  i s  
mixed i n t o  a b lend ,  however, a 1 2  t o  15 minute  p e r i o d  is  employed t o  
I o b t a i n  a homogeneous mix. Th is  longer  pe iod  was used i n  t h e  p r e p a r a t i o n  
I 
I o f  a l l  f r i c t i o n  m a t e r i a l  composites i n  t h i s  s tudy.  3.1.3.2.1 Densi ty  
1 
The d e n s i t y  o f  each  sample was d e t e r -  
mined. A s  expected,  t h e  samples molded a t  h i g h e r  p r e s s u r e s  were somewhat 
d e n s e r  than  t h e  o t h e r s ,  a l t h o u g h  none ach ieved  t h e  t h e o r e t i c a l  d e n s i t y  
! 
i 
3 
of  2.37 g/cm . Values a r e  shown i n  Tab le  3-3. 
I 
i 
i 
$ 
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Table  3-2 - Summary o f  Samples P r e p a r e d  f o r  Determinat ion 
o f  Bent  Molding Condi t l o n s  
Mold Cure Condi t ions  
S amp le  
a ,b  Temperature P r e s s u r e  Time No. Resin  ("C) ( O F )  ( ~ / m ~  ) ( p s i )  (Ifin) 
Maleimide 061 227 440 1 . 3 8 ~ 1 0  7 
Maleimide 061 227 440 1 . 3 8 ~ 1 0  7 
Maleimide 061 227 440 2 . 7 6 ~ 1 0  7 
Maleimide 061  227 440 2.76 x 1 0  7 
Maleimide 061 249 480 1.38 x 10 7 
Maleimide 061 249 480 1 . 3 8 ~ 1 0  7 
Maleimide 061 249 480 2 . 7 6 ~ 1 0  7 
Maleimide 061 249 480 2.76 x 1 0  7 
Maleimide 074 
Maleimide 074 
Maleimide 074 
Maleimide 074 
Maleimide 074 
Maleimidc 074 
Maleimide 074 
Maleimide 074 
Notes:  (a)  Composite samples con ta ined :  
Potass ium t i t a n a t e  f i b e r  50% by weight  
Graph i te  powder 25% by weight  
( s u b s t i t u t e  f o r  poiyphenyl-ene) 
Resin 25% b y  weigh t  
(b) Composites were compression molded i n t o  d i s c s  1.25-inch 
j diameter  x 0.25 inch  (32 x 6 mm), under  t h e  above condi- 
t i o n s .  Each d i s c  was c u t  i n  half; one h a l f  w a s  analyzed 
as is ,  and t h e  o t h e r  h a l f  was cured  f o r  1 6  h o u r s  a t  2 4 9 " ~  
(480°F) and 1 a t m .  p r e s s u r e  b e f o r e  a n a l y s i s .  
t 
Table  3-3 - R e s u l t s  of Densi ty  Determinat ions  and E x t r a c t i o n s  f o r  Various Molding 
Condi t ions  f o r  Samples Prepared  w i t h  Ttro Polyimide Resins 
7 2 Molding P r e s s u r e  = 2000 p s i  (1.38 x 10 N/m ) 7 2 Molding P r e s s u r e  = 6000 p s i  (4.14 x 10 ~ / m  ) 
6 Min. 24 Min. 6 Min. 24 Min. 
. 
I* 2 3 4 
Molding Densi ty  P e r c e n t  Densi ty  P e r c e n t  Densi ty  P e r c e n t  Densi ty  P e r c e n t  
Temp. g/cm3 E x t r a c t .  g/ cm3 E x t r a c t .  g/cm3 E x t r a c t .  g/cm3 Extracc .  
w 
227OF A 2.11 0.35 A 2.19 --- A 2.22 --- A 2.22 --- 3 
0 (440°F) B --- 0.35 B --- --- B --- --- B --- --- 
a, 
3- 
TI 5 6 7 8 
24g°C A 2.18 0.0 A 2.18 --- A 2.22 --- A 2.21 8 k 
0.20 
(480°F) B --- 0.32 B --- --- B --- --- B --- 0.32 
. 
A = a s  molded; B = cured  f o r  16 hours  a t  2 4 9 ' ~  (480°F) and 1 a t m .  (1.01 x l o 5  ~ / m ~ )  p ressure .  
NOTE: Samples numbered as i n  Table 3-2. Format i s  as i n  No. 1 f o r  a l l  samples. 
3.1.3.2.2 E x t r a c t i o n  
To determine if t h e r e  were any un- 
4 
c u r e d  r e s i n  i n  t h e  composites,  several of  them were s u b j e c t e d  t o  a s o l -  
! 
v e n t  e x t r a c t i o n  procedure.  P r e l i m i n a r y  exper iments  s e r v e d  t o  e s t a b l i s h  
r .i 
t k a t  methy l  e t h y l  ke tone  i s  a s u i t a b l e  s o l v e n t  f o r  t h e  q u a n t i t i e s  o f  A 
P 
resin i n  q u e s t i o n .  Cont ro l  exper imsnts  e s t a b l i s h e d  t h a t  97% o r  more o f  i 1 
t h ?  r e s i n  can b e  recovered from a n  unnolded, uncured mixture  o f  r e s i n ,  
f i b e r  and g r a p h i t e .  R e s u l t s  are shown i n  Tab le  3-3 f o r  t h e  amount o f  .' I 
. , 
r e ; i n  e x t r a c t e d  from a number c f  s e l e c t e d  samples. (Note t h a t  t h e  num- 
b e - s  shown s h o u l d  be m u l t i p l i e d  by f o u r  t o  g i v e  pe rcen tages  r e l a t i v e  t o  i +: 
- 1  thrt o r i g i n a l  amount of r e s i n  i n  t h e  samples.)  The n o t a b l e  r e s u l t s  o f  1 
t h i s  s e r e i e s  o f  experiments are t h a t :  ( a )  t h e  f r a c t i o n  of r e s i n  e x t r a c t e d  1 
i s  very  low i n  a l l  cases ,  and (b) i t  i s  e s s e n t i a l l y  t h e  same f o r  t h e  i j 
extremes of molding c o n d i t i o n s  s t u d i e d .  I n  o t h e r  words, i t  is n o t  poss i -  
b l e  t o  make a cho ice  c f  molding c o n d i t i o n s  on t h e  b a s i s  of t h i s  test. 
As a consequence of t h e  observed r e s u l t s ,  e x t r a c t i o n  o f  t h e  remaining 
samples was d i scon t inued .  
, 3.1.3.2.3 Thermal Ana lys i s  
P o r t i o n s  o f  t h e  samples on which ex- 
t r a c t i o n s  were  r u n  were a l s o  s u b j e c t e d  t o  thermogravimetr ic  a n a l y s i s .  
R e s u l t s  o f  t h e s e  ana lyses  are shown i n  Appendix A. Only a few runs  were 
made w i t h  n i t r o g e n  purge,  t o  e s t a b l i s h  t h e  p a t t e r n  f o r  thermal  degrada- 
t i o n  o f  t h e  composites,  and t o  e s t a b l i s h  t h a t  t h e r e  i s  no observab le  
d i f f e r e n c e  i n  t h e  TGA b e h a v i o r  of t h e  cured and uncured samples.  Most 
r u n s  were made w i t h  an a i r  purge.  Once a g a i n ,  a remarkable s i m i l a r i t y  
I i i s  found i n  a l l  t h e  s a n p l e s  s t u d i e d ,  and no c l e a r - c u t  cho ice  can b e  made 
I 
I of molding c o n d i t i o n s  on t h e  b a s i s  o f  t h e s e  r e s u l t s .  A s  i n  t h e  c a s e  w i t h  t h e  pure  r e s i n s ,  
1 samples c o n t a i n i n g  El074 show somewhat g r e a t e r  r e s i s t a n c e  t o  t h e  o n s e t  
o f  the rmal  and o x i d a t i v e  degrada t ion  t h a n  those  w i t h  M061. The high- 
t empera tu re  degrada t ion ,  i n  t h e  range 450-550°C (842-102Z°F), shows a 
I 
somewhat g r e a t e r  s t a b i l i t y  f o r  t h e  M061 con t a i l l i n g  samples. An e q u i v a l e n t  
weight l o s s  i s  found a t  a temperature  t h a t  i s  about  20°C ( 3 6 ' ~ )  h i i ;her  
f o r  t h e  M061 c o n t a i n i n g  samples than f o r  t h o s e  w i t h  t h e  $1074. Abo7.e 
550°C (1022OF), however, o x i d a t i o n  o f  t h e  M061 samples i s  f a s t e r ,  : o t h a t  
complete o x i d a t i o n  o f  b o t h  types  o f  r e s i n  i s  observed a t  580-590°C (1076- 
1094OF), corresponding t o  25-27% l o s s  of material from t h e  composites.  
Slow o x i d a t i o n  o f  grfaphite con t inues  u n t i l  a l l  Slnc carbon h a s  been burned 
o f f  a t  about  1000°C ( 1 8 3 2 " ~ ) ,  corresponding t o  44-46% l o s s  of t h e  o r i g i n a l  
composite. Depar tu re  from t h e  t h e o r e t i c a l  50% can b e  a t t r i b u t e d  t o  uncer- 
t a i n t i e s  i n  weighing and t o  t h e  presence o f  a small amount o f  a s h  i n  t h e  
g r a p h i t e .  One a d d i t i o n a l  i n t e r e s t i n g  o b s e r v a t i o n  can be  made, The degra- 
da t ion  o f  m a t e r i a l  c o n t a i n i n g  M074 - p a r t i c u l a r l y  i n  t h e  p r e s e n t  o f  a i r  - 
began a t  a temperature  lower  than t h e  degrada t ion  temperature  observed 
when t h e  p u r e  b u l k  r e s i n  was analyzed (370 v e r s u s  430°C) (698 v e r s u s  
806OP). T h i s  is probably  due t o  t h e  p r e s e n c e  o f  t h e  r e s i n  as a t h i n  
f i l m  i n  t h e  composite,  as opposed t o  t h e  f a i r l y  c o a r s e  b u l k  material i n  
t h e  p u r e  r e s i n .  The s tate of s u b d i v i s i o n  i s  known t o  a f f e c t  t h e  f e a t u r e s  
of a thermogram q u i t e  d r a m a t i c a l l y ,  f i n e r  m a t e r i a i  a p p e a r i n g  t o  b e  more 
r e a c t i v e .  
I 
I 
I I 3.1.3.2.4 Shear  S t r e n g t h  
, S ince  t h e  chemical  tests were unable  
I 
I t o  d i s t i n g u i s h  between t h e  samples prepared under t h e  molding c o n d i t i o n s  I 
! 
I 
chosen, i t  was hoped t h a t  a d e c i s i o n  cou ld  b e  made on t h e  b a s i s  o f  a 
1 mechanical  test. Toward t h i s  end a number o f  samples were  p repared  f o r  
l a s h e a r  s t r e n g t h  test t h a t  was performed a t  Bendix F r i c t i o n  Materials 
I Divis ion ,  Troy, New York. T e s t s  o f  t h i s  n a t u r e  u s u a l l y  show l a r g e  amounts 
1 
i o f  s c a t t e r  between i d e n t i c a l l y  prepared f r i c t i o n  m a t e r i a l s  and t e s t e d  i n  I 
b shear .  It was dur ing  t h i s  f a b r i c a t i o n  p rocedure  t h a t  t h e  most v a l u a b l e  
I 
I t  i i n f o r m a t i o n  on molding c o n d i t i o n s  was ob ta ined .  I n s t e a d  o f  p r e p a r i n g  1 i a r t i f i c i a l  composites,  i t  was decided t o  t a k e  t h e  a c t u a l  fo rmula t ions  
L / i f o r  t h e  secondary s t a n d a r d  l i n i n g ,  and s u b s t i t u t e  t h e  exper imenta l  r e s i n s  f o r  t h e  commercial one. The o r i g i n a l  i n t e n t i o n  was t o  p r e p a r e  t h e s e  
I I 1 f r i c t i o n  m a t e r i a l s  under t h e  extreme of molding c o n d i t i o n s  l i s t e d  i n  I 
I 
\ 
I 
I I 
I 
i 
! 
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Table  3-2, namely: 225°C (437"F), 2000 p s i  (1.38 1 0  N/m ) , 6 minu tes  i 
7 2 
and 2500C (482"F), 6000 p s i  (4.14 x 1 0  N / m  ), 24 minutes.  However, i t  
proved u n f e a s i b l e  t o  hot-press  t h e  samples a t  250°C (482°F) s i n c e  l a r g e  I 
i 
amounts o f  gases  were  evolved;  t h i s  caused t h e  samples t o  b reak  a p a r t  as 
t h e  p r e s s u r e  was r e l e a s e d .  These gases  are probably  evolved due t o  t h e  
decomposit ion o f  s e v e r a l  components of t h e  commercial fo rmula t ion ,  which 
i s  normal ly  molded a t  a c o n s i d e r a b l y  lower temperature.  T h i s  d i f f i c a l t y  
il:. f a b r i c a t i o n  of t h e  f r i c t i o n  mater i .a l  e s s e n t i a l l y  e l i m i n a t e s  250°C 
(482°F) a s  a p r a c t i c a l  molding temperature.  Even a t  225°C (4$77"F), 
l a r g e  q u a n t i t i e s  of gases  are evolved d u r i n g  p r e s s i n g ,  b u t  p e r i o d i c  re- 
l i e f  o f  t h e  p r e s s u r e ,  a l l o w i n g  t h e  gases  t o  escape ,  p e r m i t t e d  t h e  f a b r i -  
c a t i o n  o f  samples t h a t  were  d e e m d  s a t i s f a c t o r y .  Based on p rev ious  
exper ience ,  a n o t h e r  set o f  molding c o n d i t i o n s  was a l s o  t r i e d ,  which i t  
was thought would g i v e  a pad w i t h  t h e  d e s i r e d  proper t , ies .  Tne c o n d i t i o n s  
under which t h e  pads t h a t  were s h e a r  t e s t e d  were fo rmula ted  are shown i n  
Table  3-4. The physic& form o f  t h e  samples p repared  w a s  i n  a s t a n d a r d  
d i s c  pad c o n f i g u r a t i o n ,  as shown i n  F i g u r e  3-U. This f i g u r e  a l s o  shows 
how t h e  pad was machined f o r  t h e  s h e a r  t e s t s .  
R e s u l t s  of t h e  s h e a r  tests a r e  shown 
i n  Table 3-5. For t h e  s a k e  o f  comparison, r e s u l t s  o b t a i n e d  f o r  two typ- 
i ca l  p roduc t ion  d i s c  pads  are shown i n  t h e  a d j a c e n t  Table  3-6. It may 
b e  seen t h a t  l a r g e  v a r i a t i o n s  occur  i n  t h e  c o ~ x n e r c i a l  m a t e r i a l s ,  and t h a t  
a very  l a r g e  numher of samples must be  run  t o  o b t a i n  an adequate  stazis- i 
t i c a l  d i s t r i b u t i o n .  A l l  f o u r  o f  t h e  exper imenta l  samples are w e l l  w i t h i n  
t h e  a c c e p t a b l c  range f o r  c o m t z r c i a l  d i s c  pads,  b u t  t h e  e r r o r  limits on 
t h e  f a i l u r e  l o a d s  f o r  t h e  exper imenta l  samples are s u f f i c i e n t l y  l a r g e  
I Chat ,  once a g a i n ,  a c l e a r - c v t  cho ice  of t h e  molding con.di t ions  cannot b e  
I 
I made. Perhaps  t h e  one e x c e p t i o n  is  i n  t h e  c a s e  of t h e  samples w i t h  t h e  M061, i n  which t h e  fo rmula t ion  molded a t  205°C ( 3 9 9 O ~ )  appears  somewhat 
1 s t r o n g e r  than t h a t  molded a t  225°C (437°F). 
On t h e  b a s i s  of a l l  t h e  zbove exper i -  
ments and a n a l y s e s ,  and on the b a s i s  of p rev ious  exper ience ,  t h e  choice  
of molding and c u r i n g  c o n d i t i o n s  was made a s  f o l l o w s :  
i 
1 
.I 
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Molding t empera tu re  215°C (420°F) 
7 2 P r e s s u r e  6000 p s i  (4.14 x 10 N/m ) 
Time 1 2  minutes  
Cure t empera tu re  250°C (482°F) 
5 2 P r e s s u r e  1 atm. (1.01 x 10 N/m ) 
Time 8 hours  
Tab le  3-4 - F a b r i c a t i c n  Condi t ions  of Samples 
f o r  Shear  T e s t i n g  
Mold Condi t ions  
Temperature P r e s s u r e  Tine 
Des igna t ion  Resin  ("C) (OF) psi  (N/m2) -- (min) - Notes 
748524 Maleimide 0 6 1  250 482 5000 3.45 x l o 7  24 1 , 2  
744206 Maleimide 0 6 1  225 437 2000 1.38 x l o 7  6 3 ,4  
740512 Maleimide 061 205 399 5000 3.45 x 10' 12 2,3,4 
844206 Maleimide 074 225 437 20C0 1.38 x l o 7  6 3 ,4  
. . 
840512 Maleimide 074 205 399 5000 3.45 x 10 '  12 2,3,4 
NOTES: (1) Samples molded a t  250°C (482OF) blew a p a r t  when p r o s s u r e  
I 
was r e l e a s e d ;  molding a t  t h a t  t empera tu re  discont inued.  
2 (2) A p r e s s u r e  o f  5600 p s i  (3.45 x l o 7  N/m ) was used instectd 
of 6000 p s i  (4.14 x l o 7  ~ / m ~ )  because  of a malfunct ion i n  
t h e  l a r g e  h e a t e d  p r e s s .  
(3) Four d i s c  pads  were f a b r i c a t e d  and t e s t e d .  
(4) Samples ca red  f o r  8 h o u r s  a t  250°C (482°F) and 1 atm. 
(1.01 x lo5 iu/m2). 
I 1 
I t T a b l e  3-5 - Shear S t r e n g t h  Measurements on 
I b. Exper imental  F r i c t i o n  M a t e r i a l s  
I F a i l u r e  Load (Average o f  f o u r  tests) Designat ion ~&s5.- ~ / m ~  
I 744206 1238 - + 175 (8.54 - f 1.21) x l o 6  740512 1450 2 175 (1.00 + 0.12) l o 7  
I - 
844206 1306 3- 144 (9.00 2 0.99) x 10 6 
- 
840512 1325 - + 125 (8.52 - + 0.86) x 1 0  6 
I 
r 3  i 
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Table  3-6 - T y p i c a l  R e s u l t s  of Shear  S t r e n g t h  Measurements 
on Commercial F r i c t i o n  Materials 
F a i l u r e  Loads 
F r i c t i o n  M a t e r i a l  No. 1 F r i c t i o n  Material No. 2  
psi Il/mZ psi - ~ / m ~  
Low 680 4.69 x  1 0  6 1150 7.93 x 1 0  6  
Mean 
(of 30 tests) 
High 
3.2 FRICTION MATERIALS 
I I 3.2.1 S tandard  L i n i n g s  
To p r o v i d e  a b a s i s  f o r  comparison, and t o  serve as a  p o i n t  
o f  d e p a r t u r e  f o r  t h e  s v a l u a t i o n  of p o s s i b l e  improvements, a set  of p r i -  
mary and secondary l i n i n g s  was s e l e c t e d .  They were composed of chryso- 
I t i l e  a s b e s t o s ,  modif ied phenol ic  r e s i n  b i n d e r ,  and p r o p e r t y  m o d i f i e r s  1 
o f  which t h e  p r i n c i p a l  o r g a n i c  was cashew f r i c t i o n  d u s t  ( s e e  S e c t i o n  2) .  
Not on ly  d i d  t h e s e  s e r v e  a s  bases  f o r  t h e  comparJson of f r i c t i o n  and 
I 
I I wear p r o p e r t i e s ,  b u t  they a l s o  provided t h e  fo rmula t ions  i n  which sub- 
I s t i t u t i o n s  were  made f o r  e v a l u a t i o n  o f  t h e  exper imenta l  i n g r e d i e n t s .  1 
I i 
i They a r e  commercial l i n i n g s ,  f a b r i c a t e d  a t  The Bendix Corporat ion,  i 
I F r i c t i o n  M a t e i i a i s  h i v i s i o n ,  Troy, New York; they  meet t h e  s p e c i f i c a t i o n  
I I 
! f o r  c e r t a i n  1973 U.S. Government commercial v e h i c l e s .  
I 
I F r i c t i o n  m a t e r i a l s  were a l s o  f a b r i c a t e d  f o r  t h i s  s t u d y  
I us ing  t h e  s t a n d a r d  formulas and i n g r e d i e n t s ,  b u t  w i t h  s l i g h t l y  d i f f e r -  
I I 
e n t  p r o c e s s i n g  t echn iques ,  as d e s c r i b e d  below. 
I , 
I 3.2.2 F a b r i c a t i o n  of F r i c t i o n  M a t e r i a l s  
I , I
I 
I 1 3.2.2.1 General  Procedures  A l l  t h e  exper imental  samples were f a b r i c a t e d  
b y  a  compression-molding t echn ique  commonly used a t  Bcnd'.x Research 
I 
L a b o r a t o r i e s .  R a t h e r  than f a b r i c a t i n g  t h e  f r i c t i o n  m a t e r i a l  i n t o  an 
a r c e d  drum l i n i n g ,  each m a t e r i a l  was p r e s s e d  and cured i n  a d i s c  pad 
I 
, 
i 1 
$ 
1 
I 3-2 8  
I 
bx \ - - - -  - ------.--."*I,. _ - 
. . . * -&,._4& --" __ -"_---.LA---.&.%"---- -- - - ^ - - - 11 C --'?? 
c o n f i g u r a t i o n  of t h e  dimensions shown i n  F igure  3-15. One h a l f  of t h i s  i 
pad prov ided  t h e  sample f o r  dynamometer t e s t i n g ,  w h i l e  t h e  o t h e r  h a l f  I 
w a s  submi t t ed  t o  NASA-ARC a s  t h e  q u a l i t y  c o n t r o l  sample. d 
1 
Some o f  t h e  exper imenta l  i n g r e d i e n t s  provided 1 
b y  NASA had t o  undergo some p r e l i m i n a r y  p r o c e s s i n g  b e f o r e  they cou ld  b e  
used f o r  f a b r i c a t i o n ,  The polyphenylene b l o c k s  were c r u s h e d  and then 
ground i n  a Wiley m i l l  t o  a s i z e  o f  40 mesh. Of t h e  r e s i n s ,  M061was 
used a s  rece ived .  M074 was s u b j e c t e d  t o  a p r e l i m i n a r y  c u r e  a t  150°C 
(302°F) f o r  two hours  ("B-staged"), a f t e r  which i t  was reground i n t o  a 
f i n e  powder f o r  d r y  mixing. The po tass ium t i t a n a t e  f i b e r  was used a s  
received.  
A t y p i c a l  f a b r i c a t i o n  p rocedure  w z s  a s  fo l lows :  
(1) Weigh o u t  r e q u i r e d  q u a n t i t y  o f  each i n g r e d i e n t .  (A sample 
f o r m u l a t i o n  s h e e t ,  showing how t h e s e  q u a n t i t i e s  a r e  calcu-  
I 
l a t e d  from a d e s i r e d  formula i n  p e r c e n t  volume and d e n s i t i e s ,  
i s  given i n  Appendix B ) .  
(2) T r a n s f e r  i n g r e d i e n t s  t o  P-K b l e n d e r  and b l e n d  f o r  15 minutes  
w i t h  i n t e n s i f i e r  b a r  i n  opera t ion .  
(3)  Remove mix from b l e n d e r  and t r a n s f e r  t o  mold f o r  b r i q u e t t m g .  
Th is  i n v o l v e s  p r e s s i n g  a t  ambient t empera tu re  and low p r e s s u r e  
f o r  t h e  s o l e  purpose  o f  compacting t h e  mix and g i v i n g  i E  t h e  
p r o p e r  shape i n  p r e p a r a t i o n  f o r  h o t  p r e s s i n g .  
(4) P l a c e  b r i q u e t t e  i n t o  mold i n  pre-heated p r e s s .  P r e s s  f o r  
7 2  12 minutes a t  6000 p s i  (4.14 x  10 N/m ) and 215°C (420°F). 
I Re l i eve  p r e s s u r e  f o r  5 seconds a f t e r  one,  two and t h r e e  
minutes t o  a l low i n i t i a l l y  formed gases  t o  escape.  
I 
i (5) Remove p r e s s e d  pad from mold and p l a c e  i n  c u r i n g  oven f o r  ! i 8 hours  a t  250°C (482°F). T h i s  i s  u s u a l l y  done by conta in-  
! !  i n g  t h e  pad between two f l a t  p l a t e s  a t  10-20 p s i  (6.9-13.8 4 2  x  1 0  N/m ) t o  m a i n t a i n  dimensional  s t a b i l i t y  d u r i n g  t h e  
f i n a l  cure.  
I 
I 
i 
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3.2.2.2 Fabr ica t ion  of Experimental F r i c t i o n  Materials 
I n i t i a l  f a b r i c a t i o n  involved t h e  s u b s t i t u t i o n  
o f  t he  six experimental components s i n g l y  f o r  t he  corresponding ones i n  
t h e  s tandard  primary and secondary l i n ings .  The twelve compositions 
generated i n  t h i s  fashion a r e  l i s t e d  in Table 3-7. O f  these  s p e c i f i e d  
unique samples, however, two w e r e  no t  processable;  these  were the  two 
samples c a l l i n g  f o r  t o t a l  replacement of asbes tos  with potassium t i t a n a t e  
f i b e r ,  i d e n t i f i e d  a s  numbers 3 and 9. The very smal l  p a r t i c l e  s i z e  - 
and consequent l a r g e  sur face  a r e a  - of t he  experimental f i b e r  c r e a t e s  
such a  l a r g e  demand f o r  r e s i n  b inder  t h a t  no t  enough r e s i n  i s  p re sen t  
i n  the  s tandard  formulation t o  bind t h e  composite. A t r i a l  i n  which 
so lven t  w a s  added t o  t h e  mix t o  a s s i s t e  i n  d ispers ion  of t h e  r e s i n  t o  
c o a t  the  f i b e r  was unsuccessful.  This increased  r e s i n  demand by the  
add i t i on  of t he  potassium t i t a n a t e  f i b e r  l e d  to  the  i n v e s t i g a t i o n  of 
a  number of  compositionu i n  which both reduct ion  i n  f i b e r  and inc rease  
i n  r e s i n  w a s  explored. 
Table 3-7 - Formulations i n  Which Experimental Mater ia l s  a r e  
Subs t i t u t ed  Singly f o r  Standard Mater ia l s  
It was tound t h a t  t h e r e  was ev idence  o f  h a i r -  
l i n e  s u r f a c e  c r a c k i n g  a f t e r  dynamometer t e s t i n g  f o r  samples w i t h  t i t a n a t e  
r e p l a c i n g  60% of  t h e  a s b e s t o s ,  even w i t h  40% added r e s i n .  Cracking was 
n o t  e v i d e n t  f o r  t h i s  q u a n t i t y  o f  t i t a n a t e  f i b e r ,  o r  less, when 50 o r  60% 
a d d i t i o n a l  r e s i n  was p r e s e n t .  Evidence o f  low s t r e n g t h  f o r  low r e s i n -  
h i g h  t i t a n a t e  f i b e r  composites i s  a l s o  provided by t h e  s h e a r  s t r e n g t h  
measurements d e s c r i b e d  i n  S e c t i o n  3.2,3.2 below. F u r t h e r  work i s  r e q u i r e d  
t o  q u a n t i f y  t h e  apparen t  p r a c t i c a l  l i m i t  o f  t i c a n a t e  f i b e r  a d d i t i o n ,  es- 
p e c i a l l y  i f  l a r g e - s c a l e  p r o c e s s i n g  were t o  b e  cons idered .  
Although i t  was o r i g i n a l l y  i n t e n d e d  t o  s imul tane-  
o u s l y  e x p l o r e  exper imenta l  fo rmula t ions  o f  b o t h  t h e  primary and secondary 
t y p e ,  i t  was decided on t h e  b a s i s  of t h e  r e s u l t s  ob ta ined  w i t h  t h e  i n i t i a l  
fo rmula t ions  (Table 3- 7) n o t  t o  e x p l o r e  t h e  pr imary l i n i n g  f u r t h e r .  A s  
d e s c r i b e d  i n  Sec t ion  2 ,  t h e  b r u n t  of t h e  work l o a d  i s  c a r r i e d  by t h e  
secondary l i n i n g ,  w h i l e  t h e  primary must have h i g h  f r i c t i o n  b u t  can t o l e r -  
a te moderately k i g h  wear. It was f e l t  t h a t ,  i f  a n  improved secondary 
c o u l d  be  fo rmula ted ,  a compat ible  p r imary  cou ld  probably  b e  found from 
among e x i s t i n g  formulas.  The rest o f  t h e  exper imenta l  fo rmula t ions  pre- 
p a r e d  and t e s t e d  were thus  based  on t h e  secondary l i n i n g .  They a r e  
d e s c r i b e d  i n  Table  3-8, i n  which a l l  exper imenta l  formulas  a r e  L i s t e d  
i n  numerical  o rder .  A summary of t h e  f o r m u l a t i o n s  c a t e g o r i z e d  accord ing  
t o  t h e  exper imenta l  i n g r e d i e n t s  which t h e y  c o n t a i n  i s  given in.  Tab le  3-9. 
F u l l - s c a l e  dynamometer tests were conducted f o r  i 
t h e  s i n g l e  exper imenta l  f r i c t i o n  m a t e r i a l  which p rov ided  t h e  g r e a t e s t  
o v e r a l l  improvement i n  f r i c t i o n  and wear. It w i l l  b e  seen i n  S e c t i o n  4, 
which describes t h e  r e s u l t s  o f  dynamometer t e s t s ,  t h a t  t h e  most improved 
exper imenta l  l i n i n g  con ta ined  t h e  e x p e r i m e n t a l  i n g r e d i e n t  o f  po t2ss ium 
t i t a n a t e  f i b e r .  
To i n s u r e  t h a t  t h e  f u l l - s c a l e  t e s t s  were con- 
duc ted  w i t h  f r i c t i o n  m a t e r i a l s  which \.ere identical w i t h  those  used i n  
t h e  small s c a l e  dynamometer tests, t h e  f u l l - s c a l e  e x p e r i m e n t a l  l i n i n g s  
were f a b r i c a t e d  by t h e  fo l lowing  procedure .  F i r s t ,  a  number of d i s c  
pads  of t h e  exper imenta l  formula were  f a b r i c a t e d  by t h e  procedure  
Table  3-8 - L i s t  o f  Samples 
I Sample No. L i n i n g  Type 
Prepared  f o r  This  Pro  gram 
D e s c r i p t i o n  
,(a) Primary &faleimide 061 f o r  pheno l ic  r e s i n .  
I 
k 2 Primary Maleimide 074 f o r  p h e n o l i c  r e s i n .  
3 Primary Po tass ium t i t a n a t e  f o r  a s b e s t o s  f i b e r ;  n o t  p rocessab le .  
4 Pr imary 650°C c u r e  polyphenylene f o r  cashew f r i c t i o n  dus t .  
5 Pr imary 750°C c u r e  polyphenylene f o r  cashew f r i c t i o n  d u s t .  
6 Pr imary 1000°C c u r e  polyphenylene f o r  casllew f r i c t i o n  dus t .  
7 Secondary* Maleimide 0 6 1  f o r  p h e n o l i c  resin. 
j 8 
I Maleimide 074 f o r  pheno l ic  resin. 
9 
1 
Potass ixm t i t a n a t e  f o r  a s b e s t o s  f i b e r ;  n o t  p rocessab le .  
C W 
I I W 1 0  I 
IU G50°C c u r e  polyphenylene f o r  cashew f r i c t i o n  d u s t .  i 
I 11 750°C c u r e  polyphenylene for .cashew f r i c t i o n  dus t .  1 
, ! 
1% 
t 1 2  1000°C cll.re polyphenylene f o r  cashew f r i c t i o n  dus t .  i 
13 , Uncured polyphenylene f o r  a s b e s t o s ,  5% s u b s t i t u t i o n .  I 
14 Uncured polyphenylene f o r  a s b e s t o s ,  15% s u b s t i t u t i o n .  
1 5  Potass ium t i t a n a t e  f i b e r  f o r  a s b e s t o s ,  25% s u b s t i t u t i o n .  
1 6  Potass ium t i t a n a t e  f i b e r  f o r  a s b e s t o s ,  50% s u b s t i t u t i o n .  
1 7  Yiixture of 75% Maleimide 061  + 25% Maleimide 074 f o r  p h e n o l i c  r e s i n ,  
100% s u b s t i t u t i o n .  
1 8  F i x t u r e  of 25% Maleimi.de 061  + 75% Maleimide 074 f o r  p h e n o l i c  r e s i n ,  
100% s u b s t i t u t i o n .  
-. 
7k 
I A l l  subsequent  samples are o f  t h e  secondary type.  
I 
I 
I 
, I 
k; 
i 
I - 
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Table  3-8 - L i s t  o f  Samples Prepared f o r  This  Program (Continued) 
Sample No. Descr ip  t i o n  
1 9  Uncured polyphenylene f o r  Organix X, 30% s u b s t i t u t i o n .  
2  0  Uncured polyphenylene f o r  Organic  Y ,  100% s u b s t i t u t i o n .  
2 1  650°C polyphzaylene,  washed, f o r  cashew f r i c t i o n  d u s t ,  50% s u b s t i t u t i o n .  
2 2  650°C polyphenylene f o r  cashew f r i c t i o n  d u s t ,  50% s u b s t i t u t i o n .  
23 750°C po lyphe i~y lene  f o r  c x h e w  f r i c t i o n  d u s t ,  -50% s u b s t i t u t i o n .  
2  4 1000°C polyphenylene f o r  cashew f r i c t i o n  d u s t ,  50% s u b s t i t u t i o n .  
25 Potass ium t i t a n a t e  f o r  a s b e s t o s ,  50% s u b s t i t u t i o n ;  pheno l ic  r e s i n  
r a i s e d  t o  120%. 
26 Potass ium t i t a n a t e  f o r  a s b e s t o s ,  50% s u b s t i t u t i o n ;  p h e n o l i c  r e s i n  
W 
I r a i s e d  t o  140%. 
W 
W 2  7 Potass ium t i t m a t e  f o r  cashew f r i c t i o n  d u s t ,  50% s u b s t i t u t i o n .  
2 8 650°C polyphenyl.ene f o r  cashew f r i c t i o n  d u s t ,  10% s u b s t i t u t i o n .  
23 Potass ium t i t a n a t e  f o r  cashew f r i c t i o n  d u s t ,  50% s u b s t i t u t i o n ;  p h e n o l i c  
r e s i n  r a i s e d  t o  1202. 
30 550°C ~ o l y p h e n y l e n e  f o r  cashew f r i c t i o n  d u s t ,  100% s u b s t i t u t i o n .  
31 Dupl ica te  o f  26 and 52. 
32 Maleimide 061  f o r  ~ h e n o l i c  r e s i n ,  70% s u b s t i t u t i o n .  
3 3  Eialeimide 074 f o r  pheno l ic  r e s i n ,  70% s u b s t i t u t i o n .  
3 4  Po tass ium t i t a n a t e  f o r  a s b e s t o s ,  50% s u b s t i t u t i o n ;  phenolFc resir1 
r a i s e d  t o  140%; modif ier- to-f iber  r a t i o  i n c r e a s e d  by 10%. 
35 Mixture o f  (15% Maleimide 0 6 1 +  85% Maleimide 074) f o r  pheno l ic  r e s i n .  
100% replacement.  
36 Potass ium t i t a n a t e  f o r  a s b e s t o s ,  50% s u b s t i t u t i o n ;  p h e n o l i c  r e s i n  
r a i s e d  t o  140%; modif ier- to-f iber  r a t i o  decreased by 10%. 
- - 
- - - -  --  @ --,- --- -1 - 4. 7 - - 
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- 
T a b l e  3-8 - L i s t  o f  Samples Prepare6  f o r  t h i s  Program (Continued) 
1 
1. Sainple No. D e s c r i p t i o n  
f 
37(b) Potass ium t i t a n a t e  f o r  a s b e s t o s ,  50% s u b s t i t u t i o n ;  potass ium t i t a n a t e  
f o r  Organic X and f o r  Organic Y, 100% s u b s t i t u t i o n ;  unstaged Maleimide 
074 r e p l a c i n g  a l l  of p h e n o l i c  r e s i n ;  r e s i n  l e v e l  r a i s e d  t o  140%; 
, Maleimide 074, unstaged,  f o r  cashew f r i c t i o n  dus t ,  100% s u b s t i t u t i o n .  
S p e c i a l  p rocess ing :  Blend; c o l d  p r e s s  i n t o  b r i q u e t t e s  f o r  handl ing;  
L h o t  mold a t  150°C (302OF) f o r  l h o u r  and 50 minutes  a t  atmospheric 
p r e s s u r e ,  o r  a s  low a p r e s s u r e  as p o s s i b l e ;  i n c r e a s e  temperature  t o  
250°C (482OF) and p r e s s u r e  t o  6000 p s i  and ho ld  f o r  two hours ;  do 
n o t  post-cure.  
38(b) Same composit ion and p rocess ing  a s  37, w i t h  t h e  fo l lowing  change: i 
i n s t e a d  o f  p u r e  Maleimide 074, use  a mix ture  of (25% Maleimide 061+ 
75% Maleimide 074, unstaged) as t h e  r e s i n .  
, c J  1 
W 
39 ( b j  
i 
Sa3e composi t ion and p r o c e s s i n g  as 37, w i t h  t h e  fo l lowing  change: 
1 .c- Maleimide 074. s t aged ,  f o r  cashew f r i c t i o n  d u s t ,  100% s u b s t i t u t i o n .  
I 
40 (b) Same composit ion and p r o c e s s i n g  a s  38, w i t h  t h e  fo l lowing  chulge: 
post -cure  f o r  4 hours  a t  250°C (482'F). 
4 1 
1 
11 
Potass ium t i t a n a t e  f o r  a s b e s t o s ,  50% s u b s t i z u t i o n ;  p h e n o l i c  r e s i n  
r a i s e d  t o  147%. 
4 2 Potass ium t i t a n a t e  f a r  a s b e s t o s ,  50% s u b s t i t u t i o n ;  pheno l ic  r e s i n  
r a i s e d  t o  133%. 
[I 3 Potass ium t i t a n a t e  f o r  a s b e s t o s ,  40% s u b s t i t u t i o n ;  p h e n o l i c  r e s i n  
r a i s e d  t o  140%. 
4 4 Potass ium t i t a n a t e  f o r  a s b e s t o s ,  50% s u b s t i t u t i o n ;  pheno l ic  r e s i n  
r a i s e d  t o  140%; cashew f r i c t i o n  d u s t  f o r  Organic Y ,  100% s u b s t i t u t i o n .  
45 Potass ium t i t a n a t e  f o r  a s b c s t o s ,  50% s u b s t i t u t i o n ;  p h e n o l i c  r e s i n  
r a i s e d  t o  140%; a l l  o f  Organic Y and 30% of  Organic X rep laced  by 
r f u l l y  cured and ground Maleimide 074 (used a s  m o d i f i e r  i n s t e a d  of 
b i n d e r )  . 
r 
- 
L ." .a;& I 1 t L .  - 
7-- 
i T a b l e  3-8 - L i s t  o f  Samples Prepared  f o r  This  Program (Continued) 
Sample No. 
1 4 7  Uncured polyphenylene , w a ~ ~ h e d ,  f o r  cashew f r i c t i o n  d u s t ,  100% I 
r; s u b s t i t u t i o n .  I 
1 : 49 Uncured polyphenylene f o r  cashew f r i c t i o n  d u s t ,  100% s u b s t i t u t i o n .  
50 Uncured polyphenylene f o r  cashew f r i c t i o n  d u s t ,  50% s u b s t i t u t i o n .  
h 4 
5 1  Uncured polyphenylene f o r  cashew f r i c t i o n  dus t ,  10% s u b s t i t u t i o n .  
52 Dupl ica te  o f  26. 
5  3  Potass ium t i t a n a t e  f o r  a s b e s t o s ,  50% s u b s t i t u t i o n ,  p h e n o l i c  r e s i n  
r a i s e d  t o  160%. 
C 
i 5  4  Potass ium t i t a n a t e  f o r  a s b e s t o s ,  502 s u b s t i t u t i o n ;  mix ture  o f  (25% 
I 
, !  Maleimide 0 6 1  + 75% Maleimide 074) f o r  p h e n o l i c  r e s i n ,  100% s u b s t i t u t i o n .  
I 
W 
wl 5  5  Potass ium t i t a n a t e  f o r  a s b e s t o s ,  50% s u b s t i t u t i o n ;  mix ture  of (25% 
Maleimide 061 + 75% Ma1eimi.de 074) r e p l a c i n g  a l l  of p h e n o l i c  r e s i n ;  
r e s i n  r a i d e d  t o  140%. 
5  6 Potass ium t i t a n a t e  f o r  a s b e s t o s ,  50% s u b s t i t u t i o n ;  mix ture  of (70% 
Maleimide 0 6 1 +  30% phenol ic )  r e p l a c i n g  tll of p h e n o l i c  r e s i n ;  r e s i n  
r a i s e d  t o  140%. 
5  7 D u p l i c a t e  of 18. 
5 8  Dupl ica te  of 14. 
5  9 D u p l i c a t e  dynamometer test o f  49. 
I 6 0  D u p l i c a t e  dynamometer tes: ~f  50. 
1 2 d c )  New secondary b a s e  m a t e r i a l  f o r  subsequent  samples. 
12 2  Potass ium t i t a n a t e  f o r  a s b e s t o s ,  50% s u b s t i t l u t i o n ;  r e s i n  r a i s e d  t o  140%. 
r i  12 3 Potass ium t i t a n a t e  f o r  a s b e s t o s ,  40% s u b s t i t u t i o n ;  r e s i n  r a i s e d  t o  140%. 
12 4  Potass ium t i t a n a t e  f o r  a s b e s t o s ,  60% s u b s t i t u t i o n ;  r e s i n  r a i s e d  t o  140%. 
Table  3-8 - L i s t  of Samples Prepared  f o r  This Program (Concluded) 
Sample No. Descr ip t ion  
12 5 Potass ium t i t a n a t e  f o r  a s b e s t o s ,  55% s u b s t i t u t i o n ;  r e s i n  r a i s e d  t o  120X. 
126 Potass ium t i t a n a t e  f o r  a s b e s t o s ,  50% s u b s t i t u t i o n ;  r e s i n  r a i s e d  t o  135%. 
12 7 Potass ium t i t a n a t e  f o r  a s b e s t o s ,  50% s u b s t i t u t i o n :  r e s i n  r a i s e d  t o  160%. 
12 8 Potass ium t i t a n a t e  f o r  a s b e s t o s ,  50% s u b s t i t u t i o n ;  resin r a i s e d  t o  145%. 
12 9 Potass ium t i t a n a t e  f o r  a s b e s t o s ,  20% s u b s t i t u t i o n ;  r e s i n  r a i s e d  t o  120%. 
130 Dupl ica te  o f  121. 
1 3 3  P h e n o l i c  r e s i n  r a i s e d  t o  14.0% ( a d j u s t e d  b a s e l i n e ) .  
134 Phenol ic  r e s i n  r a i s e d  t o  160% ( a d j u s t e d  b a s e l i n e ) .  
135 Potass ium t i t a n a t e  f o r  a s b e s t o s ,  60% s u b s t i t u t i o n ;  r e s i n  r a i s e d  t o  160%. 
G, I 
W 136 Potassium t i t a n a t e  f o r  a s b e s t o s ,  60% s u b s t i t u t i o n ;  r e s i n  r a i s e d  t o  150%. 
m 
137 Phenol ic  r e s i n  r a i s e d  t o  120% ( a d j u s t e d  b a s e l i n e ) .  
1 3  8 Potass ium t i t a n a t e  f o r  a s b e s t o s ,  60% s u b s t i t u t i o n ;  r e s i n  r a i s e d  t o  140%. 
NOTES : (a)  Formulas 1 t o  12 r e p r e s e n t  100% s u b s t i t u t i o n  f o r  t h e  corresponding s tan4ard  i n g r e d i e n t .  
(b) Samples 37 t o  40 were s u b j e c t e d  t o  s p e c i a l  p r o c e s s i n g ,  a s  desc r ibed  under each i n d i -  
v i d u a l  i tem. 
(c) Sample 1 2 1  and subsequent  ones were p reparad  s p e c i f i c a l l y  t o  e x p l o r e  t h e  r e g i o n  i n  t h e  
v i c i n i t y  o f  t h e  "best"  formula ,  No. 26. 
T a b l e  3-9 - Summary o f  Samples F a b r i c a t e d  and Tes ted  
I A. T o t a l  s u b s t i t u t i o n  o f  e x p e r i n e n t a l  m a t e r i a l s  f o r  
corresponding i n g r e d i e n t s  i n  s t a n d a r d  l i n i n g s  - 
Samples 1 through 1 2  
I B. Polyphenylene s u b s t i t u t i o n  f -. 
Samples 13, 1 4 ,  1 9 ,  20, 21, 22, 23, 24, 28,  309 475 
49, 50 ,  51, 58,  59,  60 
I C. Res in  s u b s t i t u t i o n  I Samples 17 ,  18 ,  32, 33, 35, 57 
D. Potass ium t i t a n a t e  f i b e r  s u b s t i t u t i o n  
Samples 15, 16 ,  25, 26,  27, 29, 31, 34, 36, 41, 42, 
43, 44, 52,  53, 1 2 1  through 130, 1 3 3  through 
138 
E. Resin  and potass ium C i t a a a t e  r i ~ b s t i t u t i o n  
Samples 37, 38, 39, 40, 45, 54,  55,  56 
d e s c r i b e d  i n  S e c t i o n  3.2.2.1, c u t  i n t o  r e c t a n g u l a r  p i e c e s  of t h e  c o r r e c t  
I 
I 
width  f o r  t h e  shoe  (2 i n c h e s  = 5 . 1  cm) , and machined t o  t h e  c u r v a t u r e  i 
of  t h e  shoe.  They were then bonded t o  t h e  shoe t o  g i v e  a "segnizmted" i 
l i n i n g  which was hand led  i n  c o n v e n t i o n a l  f a s h i o n  f o r  t e s t i n g .  A photo- 1 
graph o f  s u c h  a l i n i n g  is shown i n  F i g u r e  3-16, t o g e t h e r  w i t h  t h e  1 
s t a n d a r d  commercial primary l i n i n g  w i t h  which i t  was p a i r e d  f o r  t e s t i n g .  
A wear t es t  and a f r i c t i o n  performance test were  c a r r i e d  o u t  on two 
s e p a r a t e  p a i r s  o f  t h e  segmented exper imental -s tandard pr imary combina- 
t i o n .  A s t a n d a r d  pr imary-s tandard secondary c o r ~ b i n a t i o n  was a l s o  sub- 
I j e c t e d  t o  each o f  t h e s e  f u l l - s c a l e  tests. k Development o f  t echn iques  f o r  f u l l - s c a l e  f a b r i -  
c a t i o n  was n o t  a p a r t  o f  t h i s  program. Attem?ts t o  manufacture  secondary 
l i n i n g s  of t h e  b e s t  exper imenta l  composi t ion Ly normal l a r g e  s c a l e  pro- 
c e s s i n g  i n d i c a t e d  t h a t  f u r t h e r  re f inement  of procedures  f o r  t h i s  compo- 
s i t i o n  i s  necessa ry .  A b r i e f  account  of t h e  problems encounte red  can 
be  found i n  Appendix C. 

W e  now proceed t o  d e s c r i b e  t h e  r e s u l t s  o f  t h e  
t c h a r a c t e r i z a t i o n  s t u d i e s  on t h e  exper imenta l  f r i c t i o n  materials, w i t h  
thr excep t ion  o f  f r i c t i o n  and wear tests, which w i l l  b e  d i s c u s s e d  i n  
Ser:tion 4. 
f * 3.2.5 C h a r a c t e r i z a t i o n  o f  F r i c t i o n  Materials 
t 
It i s  e v i d e n t  from prev ious  d i s c u s s i o n  t h a t  automotive  i 
f r i c t i o n  m a t e r i a l s  a r e  extremely complex composites,  whose p r o p e r t i e s  
o f  most immediate i n t e r e s t  - f r i c t i o n  and wear - are u s u a l l y  n o t  t h e  
I cumulat ive  p r o p e r t i e s  of t h e i r  components. For t h i s  r eason  i t  i s  
extremely d i f f i c u l t  t o  c o r r e l a t e  t h e i r  f r i c t i o n  and wear p r o p e r t i e s  
t o  p h y s i c a l  and chemical  c h a r a c t e r i s t i c s ,  o r  t o  p r e d i c t  t h e  e f f e c t  of 
adt i n g  an  i n g r e d i e n t  o r  s u b s t i t u t i n g  one f o r  ano ther .  
3.2.3.1 Dens i ty  and P o r o s i t y  
One of t h e  most u s e f u l  p r o p e r t i e s  t o  monitor 
i s  t h e  d e n s i t y  of t h e  p r e s s e d  and cured  composite,  which shou ld  be  
w i t h i n  a few p e r c e n t  o f  t h e  t h e o r e t i c a l  d e n s i t y .  If t h e  measured den.- 
s i t  y i s  more t h a n  10-15% below theory ,  a p r o c e s s i n g  e r r o r  may be  i n d i -  i 
1 
, c a t e d ,  such  a s  low molding p r e s s u r e ,  inadequa te  v e n t i n g  d u r i n g  p r e s s i n g  1 
o r  a c c i d e n t a l  s u b s t i t u t i o n  of m e  i n g r e d i e n t  f o r  ano ther .  Th i s  n a t u r a l l y  
c a l l s  f o r  r e f a b r i c a t i o n .  I n  o t h e r  c a s e s ,  a n  i n g r e d i e n t  may have proper- 
t i e s  t h a t  make i t  d i f f i c u l t  o r  imposs ib le  t o  p r o c e s s  i n t o  a mix, such 
as a f i b e r  t h a t  i s  n o t  s u f f i c i e n t l y  compress ible ;  f a b r i c a t i o n  o f  such 
a I'ormula cannot  b e  c a r r i e d  o u t  wi thou t  e x t e n s i v e  and d e t a i l e d  
i ~ \ ? s t i g a t i o n .  
D e n s i t i e s  f o r  t h e  exper imenta l  secondary l i n i n g  
! 
I jt s a n p l e s  f a b r i c a t e d  f o r  t h i s  s t u d y  are l i s t e d  i n  Tab le  3-10. P o r o s i t i e s  
I L I h a l e  been c a l c u l a t e d  from t h e  d i f f e r e n c e  between t h e o r e t i c a l  and achieved d e n s i t i e s  and are a l s o  l i s t e d  i n  Table  3-10. It can be  s e e n  t h a t  t h e  
, m a j o r i t y  o f  the samples have achieved d e n s i t i e s  t h a t  f a l l  w i t h i n  accept-  
a b l e  limits. Those w i t h  e x c e p t i o n a l l y  h i g h  p o r o s i t e s  a l l  c o n t a i n  l a r g e  
q u a n t i t i e s  of t h e  potass ium t i t a n a t e  f i b e r ,  a l t h o u g h  n o t  a l l  samples 
I 
I 
c o n t 5 i n i n g  l a r g e  amounts of f i b e r  had h i g h  p o r o s i t i e s .  The one sample 
i 
5 
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wi th  a poros i ty  g r e a t e r  than 20% i s  t h a t  i n  which a l l  t h e  asbes tos  was 
replaced by potassium t i t a n a t e  i n  t h e  s tandard ,  and which could n o t  be 
i f ab r i ca t23  i n t o  a coherent  l in ing .  Its dens i ty  was measured on a p i ece  
of  l i n i n g  t h a t  broke apar t .  
Table 3-10 - Dens i t i e s  and P o r o s i t i e s  of 
Experimental Linings 
Theore t i ca l  Measured Percent  
S a l p  l e  Density Oensity Density Percent  
Number 
- (g/cm3> (g/cm3) Achieved Poros i ty  
Std. 
7 
8 
9 
10 
11 
1 2  
13  
14 
15 
16 
Table 3-10 - Densi t ies  and P o r o s i t i e s  of 
Experimental Linings (Continued) 
The ore  t i c a l  Meaa ured Percent 
:I ample 
-
Density Density Density 
Number ( a /  cm3) Percent 
-- ( g /cm3) Achieved .- Poros i ty  
Table  3-10 - D e n s i t i e s  and P o r o s i t i e s  o f  
Experiment a1 L i n i n g s  (Concluded) 
T h e o r e t i c a l  Measured P e r c e n t  
S amp l z  Dens i ty  Dens i ty  Densi ty  P e r c e n t  
Number (g/  cm3> (g/cm3) Achieved P o r o s i t y  
1 2  8 2.03 1.80 88.7 11.3  
1 2  9 1 .98 1.79 90.4 9.5 
130 1.94 . 1.73 89,2 i 0 . 8  
1 3 3  1.90 1.68 88.4 11.6 
134 1 .88 J. 66 88.3 11.7 
135 2.03 1.82 90.1 9.9 
! 
136 2.04 1 .33 89.7 10 .3  
1 3 7  1.92 1 .67 87.0 13.0 
! 13 8 2.05 1 .83 89.3 10.7 
1 
I i 3.2.3.2 P e r m a b i l . i t y  and Shear  S t r e n g t h  
I It A f u r t h e r  a t t e m p t  t o  c o r r e l a t e  p r o p e r t i e s  and composit ion was made by measuring t h e  p e r m e a b i l i t y  of s e v e r a l  samples 
1 i n  a series w i t h  v a r y i n g  q u a n t i t i e s  o f  r e s i n  and potass ium t i t a c a t e  
, f i b e r .  Th i s  p r o p e r t y  was measured as fo l lows :  
(1) h d i s c  one i n c h  (2.54 cm) i n  d iamete r  was c u t  from a p i e c e  
, 
o f  f r i c t i o n  m a t e r i a l  and machined t o  a t h i c k n e s s  of 0.367 
i n c h  (0.93 cm). 
i 
! 
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(2) The d i s c  was mounted i n  t h e  cen te r  of a  steel holder  with i 
epoxy r e s h ,  c a r e  being taken t o  avoid g e t t i n g  epoxy on t h e  i 
su r f  ace. i 
(3) One s i d e  of t h e  d i s c  was p r e s s m i z e d  wi th  an i n e r t  gas ,  such 
a s  n i t rogen ,  and the r a t e  of flow of the  gas through the  d i s c ,  
a t  var ious  d r iv ing  pressures  measured with a  soap bubble flow 
meter. 
The r e s u l t s  can b e  presented i n  the form of p l o t s  of observed flow r a t e  
through t h e  m a t e r i a l  a s  a  funct ion of d r iv ing  pressure.  Such p l o t s  f o r  
samples 15, 16, 25, 26, 5 3  and the  s tandard  secondary a r e  s P ~ w n  i n  Fig- 
ures 3-17 and 3-18. (Refer t o  Table 3-11 below f o r  c l a r i f i c a t i o n  of t he  
I systematic  v a r i a t i o n  i n  r e s i n  and f i b e r  represented by these  samples. ) 
I Note t h a t  t he  o rd ina t e s  vary by an o rde r  of magnitude f o r  t h e  two p lo t s .  One is  a t  f i r s t  tempted E D  t r y  t o  relate the p o r o s i t i e s  a s  l i s t e d  i n  
Table 3-10 t c  these. permeabi l l t i es .  The magnitudes of t hese  two proper- 
t i e s ,  i n  descending order ,  a r e :  
Poros i ty :  Formula 53 2 Std  > 25 > 16 > 26 > 15 
Permeabil i ty:  Formula 16 >> 25 > 15 > 26 > Std  > 53  
I It i s  apparent  t h a t  no d i r e c t  c o r r e l a t i o n  exists, and t h a t ,  whatever 
the  reason may be f o r  not eehieving t h e o r e t i c a l  dcns i ty ,  t he  "excess 
volume" of the  composite i s  n o t  i n  the  form of c!iannels t h a t  would al low 
the  flow of gas through t h e  d i sc .  Although the technique i s  a crude 
one, i t  should have allowed 2s t o  d e t e c t  such channeling i f  i t  ex i s t ed .  
A more d e t a i l e d  look a t  t h e  composition of t h e  
samples, however, does al low us t o  make an i n t e r e s t i n g  observat ion.  
L i s t i n g  them i n  order  of increas ing  r e s i n  content :  S t d  = 15 = 1 6  < 
I P 25 < 26 < 53; and l i s t i n g  them i n  order  of i nc reas ing  potassium t i t a n a t e  
I 
I i. f i b e r  conten t :  S t d  < 15 < 1 6  = 25 = 26 = 53. Of t h e  samples conta in ing  potassium t i t a n a t e  f i b e r ,  those wi th  the  lowest  permeabi l i ty  a r e  those 
wi th  the  h ighes t  r z s i n  content ,  numbers 53  and 26. Sample 16,  which has 
, had 50% of  t h e  asbes tos  replaced h; t h e  t i t a n a t e  f i b e r  without  any r e s i n  
i nc rease ,  has  by f a r  the hi.ghest permeabil i ty .  This  sample was a l s o  
I d i f f i c u l t  t o  f z b r i c a t e ,  and obviously su f f e red  from r e s i n  s t a r v a t i o n .  
i 
s I 
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T a b l e  3-11 - R e s u l t s  of Shear  T e s t s  on S e v e r a l  Exper imental  
Formulations i n  Which Resin  and Potassiunl 
T i t a n a t e  F i b e r  were Var ied 
P e r  cen t  Shear  S t r e n g t h  Sample P e r c e n t  S u t s t i t u t i o n  
Number ~ e s ' i n ( ~ )  For  Asbestos psi ~ / m ~  
S tandard  100 
15 100 
16 100 
2 5  120 
2  6 140 
5 3 16 0  
As r e s i n  i s  i n c r e a s e d ,  f i r s t  by 20%, a marked decrease  i n  f low r a t e  i s  
seen  (sample 25) ,  b u t  t h i s  i s  s t i l l  more permeable t h a n  sample 15, i n  
which o n l y  25% o f  t h e  a s b e s t o s  h a s  been r e p l a c e d  by t i t a n a t e  f i b e r .  The 
n e x t  r e s i n  i n c r e a s e ,  t o  40% over  s t a n d a r d ,  causes  an o r d e r  of magnitude 
3 decrease  i n  t h e  p e r m e a b i l i t y ,  e ,g . ,  from 280 cm /min : i t  100 p s i  (6.9 x 
5  2  3 1 0  ~ / m  ) f o r  sample 25 t o  36 c m  /min f o r  sample 26. While t h e s e  results 
a r e  n o t  s t a r t l i n g ,  they are r e a s s u r i n g  and s e r v e  t o  s u p p o r t  t h e  observa- 
t i o n s  and conc lus ions  t h a t  have been made throughout  t h i s  s t u d y  r e g a r d i n g  
i n c r e a s e d  r e s i n  demand b y  t h e  potass ium t i t a n a t e  f i b e r .  i 
At t h e  same t i m e  t h a t  samples were  p repared  f o r  
p e r m e a b i l i t y  measurements, s e v e r a l  a d d i t i o n a l  pads were f a b r i c a t e d  and 
submi t t ed  f o r  s h e a r  t e s t i n g .  These tests were run i n  t h e  same conf igura-  
t i o n  a s  t h o s e  desc r ibed  e a r l i e r ,  Figure  3-15. R e s u l t s  a r e  shown i n  
, I  1 T a b l e  3-11, which g ives  averages  and average d e v i a t i o n s  f o r  f i v e  t e s t s  f o r  each composit ion.  Once a g a i n  t h e  s c a t t e r  i s  l a r g e  and t h e  number 
1 o f  samples too s m a l l  t o  e s t a b l i s h  a  good s t a t i s t i c a l  d i s t i n c t i o n .  Cer- 
t a i n  t r e n d s  can b e  i d e n t i f i e d ,  however. P lgure  3-19 i l l u s t r a t e s  t h e  
I 
I expec ted  decrease  i n  s t r e n g t h  w i t h  a d d i t i o n  of po tass ium t i t a n a t e  f i b e r  
i 
$ 
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I at cons tan t  r e s i n  l e v e l .  Conversely, Figure 3-20 demonstrates t h e  in-  
c rease  i n  shear  s t r eng th  a s  r e s i n  i s  increased  a t  a cons tan t  l e v e l  of 
potassium t i t a n a t e  s u b s t i t u t i o n  (50%). It seems t h a t  t h e  va lue  f o r  20% 
a d d i t i o n a l  r e s i n  i s  anomal.ously high b u t  t h i s  anomaly would be expected 
t o  disappear  i f  t he  number of samples t e s t e d  w e r e  increased  t o  allow 
a more r e l i a b l e  s t a t i s t i c a l  ana lys i s .  No o t h e r  explanat ion can be 
o f f e red  f o r  an unusually high va lue  of  shea r  s t r e n g t h  f o r  t h i s  par t icu-  
l a r  composition. 
3.2.3.3 Thermal Analysis and X-Ray 
Small po r t ions  of t h e  samples charac te r ized  
above were a l s o  subjec ted  t o  thermal ana lys i s ,  a s  was a sample of t h e  
s tandard primary l i n i n g .  Resul ts  a r e  included a s  Figures 3-21 t o  3-23 
f o r  thermogravimetric ana lys i s  (TGA), and Figures  3-24 and 3-25 f o r  d i f -  
f e r e n t i a l  thermal ana lys i s  (DTA). These curves a r e  q u i t e  complex and 
defy a complete d e t a i l e d  ana lys i s ;  some of t h e  f e a t u r e s  can only be  
explained i n  a general  sense t o  avoid d i sc los ing  some p r 3 c r i e t a r y  fea- 
t u r e s  of t h e  s tandard  l i n i n g s .  
Figure 3-21 shows t h e  somewhat lower thermal  
s t a b i l i t y  of t he  s tandard primary l i n i n g ,  a s  compared to  t h e  s tandard  
I 
secondary. Above 500°C (9 32 OF) , however, t he  h igher  inorganic  content  
of the  primary causes the curves t o  c ross  and a l a r g e r  res idue  i s  ob- 
t a ined  than f o r  t h e  secondary. The onset  of ox ida t ion  of t he  organic  
components a t  250 to  300°C (482 t o  572OF) is  t y p i c a l  of f r i c t i o n  mate- 
rials containing organic  b inders  and modif iers ,  and is observed i n  a l l  
t h e  curves presented  here.  The d e t a i l s  of  t h e  s lopes  of t he  decomposi- 
t i o n  regions a r e  funct ions of the  n a t u r e  and l u a n t i t y  of  each modif ier ,  
I among o the r  f ac to r s ,  e. g. , hea t ing  r a t e .  
I 
1 Figure 3-22 shows lrhe d i f f e r ence  between oxida- I t i v e  and p y r o l i t i c  degradation f o r  sample 26. A s  expected, t he  presence 
1 of  oxygen a c c e l e r a t e s  t h e  decomposit,ion of organic  components. Never- 
t h e l e s s ,  a t  s u f f i c i e n t l y  high temperatures,  equiva len t  q u a n t i t i e s  of 
I 
res idue  a r e  obtained - though t h e i r  composition i s  expected t o  be some- 
what d i f f e r e n t .  The a c t u a l  environment experienced by t h e  l i n i n g  during 
i BBROD UCII3ILL"L'Y OF TIIX : 
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I 
i 
ar; a p p l i c a t i o n  i s  probably  s u c h . t h a t  t h e  decomposit ion w i l l  b e  some- i 
where between t h e  two c u r v e s  shown. 
F i g u r e  3-23 satisfies us t h a f  t h e  l i n i n g s  w i t h  
i n c r e a s i n g  r e s i n  c o n t e n t  behave s i m i l a r l y  i n  e v e r y  way, i n  t h e i r  oxida- 
i 
i 
t i v e  decomposit ion,  excep t  f o r  r e f l e c t i n g  t h e  t r e n d  i n  o r g a n i c  t o  i n o r -  
ganic  material con ten t .  
, i 
Very l i t t le  i n f o r m a t i o n  of a q u a n t 2 t a t i v e  n a t u r e  
can be g leaned  from the  DTA curves ,  F i g u r e s  3-24 and 3-25. They a r e  
p resen ted  h e r e  f o r  t h e  s a k e  o f  completeness,  and they show t h a t  t h e  
r e s i n  h a s  been completely cured ,  by comparison w i t h  F i g u r e  3-14. The 
v 
endotherm a t  375-400°C (707-752°F) i s  due t o  a s b e s t o s ,  as i s  t h e  endo- 
t h e m  beg inn ing  j u s t  below 600°C (1112OF). Tine o t h e r  f e a t u r e s  are due 
t o  o t h e r  i n g r e d i e n t s  and t h e y  o f f e r  no a d d i t i o n a l  i n s i g h t  t o  t h e  behav ior  
o f  the  composites. The obvious d i f f e r e n c e  between pr imary and secondary 
l i n i n g s  i s  once a g a i n  a p p a r e n t  i n  F i g u r e  3-24. A l l  t h e  thermograrns f o r  
I t h e  secondary l i n i n g  and i t s  v a r i a n t s  a r e  v e r y  similar, w i t h i n  t h e  l i m i -  
t a t i o n s  o f  t h e  t echn ique ,  c o n s i s t e n t  w i t h  o t h e r  in fo rmat ion  a l r e a d y  d i s -  
cussed.  Three  a r e  shown f o r  composit ions w i t h  i n c r e a s i n g  q u a n t i t i e s  of  
r e s i n  a t  50% potass ium t i t a n a t e  s u b s t i t u t i o n  i n  F i g u r e  3-25. 
I For t h e  s a k e  of comparison, thermograms a r e  
shown f o r  two fo rmula t ions  c o n t a i n i n g  p ~ l y i m i d e  r a t h e r  than p h e n o l i c  
r e s i n  i n  F i g u r e s  3-26 and 3-27. The TGA's are very  s i m i l a r  a l though  
t h e y  show t h e  o n s e t  of o x i d a t i o n  somewhat e a r l i e r  f o r  t h e  polyimide- 
c o n t a i n i n g  formulas,  200°C vs. 2 7 0 ' ~  (392 vs. 518°F). I n  t h e  400-500 '~  t 
(752-932 OF) range,  however, t h e  polyimide formulas  show somewhat g r e a t e r  
s t a b i l i t y .  The DTA'S are q u i t e  s i m i l a r  t o  t h o s e  d i s c u s s e d  above. X-ray 
d i f f r a c t i o n  s p e c t r a  were recorded  and ana lyzed  f o r  t h e  r e s i d u e s  of t h e  
b samples whosn TGA's were j u s t  desc r ibed .  These were t h e  most complex 
I 
I o f  any s p e c t r a  y e t  t aken ,  and could n o t  b e  analyzed completely.  A major p o r t i o n  o f  t h e  s p e c t r a  were, as expec ted ,  due t o  t h e  major i n o r g a n i c  
I c o n s t i t u e n t s ,  a s b e s t o s  and po tass ium titailate f i b e r ,  and t o  t h e i r  respec- 
tive high t empera tu re  t r ans format ion  p r o d u c t s ,  o l i v i n e  and K T i  0 2 6 13' 
i 
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This concludes t h e  s e c t i o n  descr ib ing  t h e  charac- 1 
I 
t e r i z a t i o n  of experimental f r i c t i o n  mater ia l s .  The next  s ec t ion  descr ibes  
t?, : 
t h e  experimental techniques whereby f r i c t i o n  and wear p rope r t i e s  were i 
i 
determined. I 
3.3 DESCRIPTION OF LSYNAMOMETER TESTS OF FRICTION MATERIALS i 1 -:d 
A l l  the  i n i t i a l  sc reening  of  t he  experimental f r i c t i o n  ma te r i a l s  
was performed on a sample dynamometer, on which a small  por t ion  of a 
1 brake l i n i n g  can be t e s t e d  i n  a r e l a t i v e l y  f a s t  and inexpensive t e s t  .--4.4 
f o r  f r i c t i o n  and wear proper t ies .  The most promising of. t he  ma te r i a l s  
-1 
thus screened was t e s t e d  f u r t h e r  on a f u l l - s c a l e  i n e r t i a l  dynamometer, 
n, 
i * 
on which a f u l l  s i z e  brake assembly wi th  the  experimental l i n i n g s  in- 
s t a l l e d  i s  t e s t e d  sepa ra t e ly  f o r  wear and f r i c t i o n  performance behavior. 
7 
1 
The next  l o g i c a l  s t ep ,  a vehic le  test, was n o t  performed i n  t h i s  study. 
1 I 
3.3.1 Sample mamometer  T e s t i n g  1 
F r i c t i o n  and w e a r  measurements were conducted with a drag f 
(Chase) dynamometer t h a t  was designed and cons t ruc ted  a t  Bendix Research 
! Laborator ies .  It has been descr ibed i n  t he  l i t e r a t u r e  
( 3 7 )  and i s  shown 
i n  Figure 3-28. 
t Temperatures of t h e  t e s t s  ranged from 122 t o  343OC (250 
t o  650°F) w i th  app l i ca t ions  usua l ly  be ing  made a t  28OC (50°F) i n t e r v a l s .  
A s e r i e s  of f o r t y  app l i ca t ions  of t h e  composite sample aga ins t  a r o t a t i n g  
: 
c a s t  i r o n  drum was conducred a t  each temperature,  wi th  t h e  sample-drum 
s l i d i n g  speed maintained a t  25 f t / s e c  (7.6 m/sec) . The output  torque 
I 
was he ld  constant  a t  350 in- lb (4.0 Kg-m), and t h e  normal load necessary 
t o  main ta in  t h e  torque averaged over f o r t y  app l i ca t ions  provided the  
measure of f r i c t i o n  coe f f i c i en t .  Sample wear a c  each temperature was 
I I determined by measuring the  cumulative dimensional and weight  l o s s  re- lp I 
I s u l t i n g  from t h e  f o r t y  appl ica t ions .  The drum had an 11-inch (28-em) I D ,  I 
and i t s  composition corresponded t o  t h e  s p e c i f i c a t i o n s  given i n  SAE 
Standard J661a. (3-8) The drum temperature was measured through a s l i p -  
I 
I r i n g  assembly wi th  a chromel-alumel thermocouple l oca t ed  a t  t he  center  
- I 
I - 
of t h e  wear t r a c k ,  0.050-inch (0.13-cm) below t h e  f r i c t i o n  sur face .  A n  
L i 
'i 1 .  
I I * 
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, 
Resul t s  of t hese  tests w i l l  b e  discussed i n  Sect ion 4. 
I 
I 
I 3.3.2 I n e r t f a 1  Dynamometer Tests  
I These t e s t s  w e r e  conducted a t  The Bendix Corporation Auto- I 
I -  
motive Control Systems Group (ACSG) f a c i l i t i e s  i n  South Bend, Indiana. 
I 
I Arrangements f o r  t h e  t e s t s  were made through the  Bendix Automotive T e s t  I - 
I Center, New C a r l i s l e ,  Indiana.  I 
I 
I E i t h e r  a Gilmore o r  a Link f u l l - s c a l e  i n e r t i a l  brake dyna- 
I 
mometer was  used f o r  t he  t e s t s ,  whichever became ava i l ab l e  when t t e  t e s t s  
1 <-.a 
e 
, were scheduled t o  b e  run. The b a s i c  brake information used f o r  t h e  tests 
was a s  fo l lows  : 
I Type of Brake: D. S . S . A. (Duo-Servo) -7 
! 
I S i z e  : 11 x 2 inches  (27.9 x 5.1 cm) 
I Ro l l ing  Radius : 12.25 inches (31.12 cm) 
Wheel Cylinder Size:  1-118 inches (2.86 cm) 
Wheel Load: 980 pounds (445 Kg) 
! *  Two s e p a r a t e  t e s t s  were conducted, one t o  give an ind ica t ion  of l i n i n g  
I ' 
I ~* 
wear, and one t o  test l i n i n g  performa2ce i n  terms of f r i c t i o n .  
I '  3.3.2.1 Wear Test  
1 ; 
! This  t e s t  i s  a c t u a l l y  s i m i l a r  i n  concept t o  t he  
r -, 
i sample dynamometer t e s t  descr ibed i n  Sec t ion  3.3.1 above. Vnder con- 
I 
1 t r o l l e d  l abo ra to ry  con>ditions i t  enables  r e l a t i v e  comparisons sn be  
I d  made of  t h e  d u r a b i l i t y  of  brake l i n i n g s  under increas ingly  severe con- 
I * 
I j d i t i o n s  of usage. This means, of course,  t h a t  both t h e  experimental ,j - 1  
1 -  
I ; l i n i n g  a s  w e l l  a s  t h e  s tandard  were t e s t e d  so t h a t  a comparison could d I - 
be  made. 1 
I 
I n  t h i s  t e s t ,  300 s tops  a r e  made from 50 mph i 
I 
. * (22.4 m/s) a t  each of a series of temperatures,  a t  a cons tan t  decelera- 1 
1 2 1 j t i o n  rate of  12 f t / s e c 2  (3.66 m / s  ). Line pressure  and l i n i n g  and drum 1 temperatures a r e  recorded, t h e  l a t t e r  s e r v i c e  a s  control  temperature. i i 
Weight and th ickness  a r e  measured f o r  both primary and secondary l i n i n g s ,  
I s  ri 
i n i t i a l l y  and a f t e r  each s e r i e s  a t  a temperature.  The standard primary \ 
l i n i n g  was used i n  combination wi th  both the  s tandard  and experimental 4 
i I 1 .;i 
E 
. i I I 4 
11 
L ' l  4 
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(3 -4 )  F. P. Darmory, "Effect of Prepregging Solvent on High- 
Temperature S t a b i l i t y  o f  Kerimid 601 Composites," pre- 
RESULTS AND DISCUSSION 
This s ec t ion  w i l l  p resent  t h e  r e s u l t s  of the  f r i c t i o n  and wear 
t e s t s  on the  sample and i n e r t i a l  dynamometers. Each of t h e  types of 
experiinental i ng red ien t  w i l l  b e  t r e a t e d  sepa ra t e ly ,  with t h e  potassium 
- 
t i t a n a t e  f i b e r  discussed f i r s t ,  followed by polyphenylene and polyimide I 
1 1 
r e s i n .  Preceding those sec t ions  w i l l  b e  a p re sen ta t ion  of t h e  r e s u l t s  8 
I 
of t e s t s  on the  s tandard  l i n i n g s  and the  i n i t i a l  experimental l i n ings .  A 4 * C. 
These t e s t s  were made by a 1 t o  1 by volume s u b s t i t u t i o n  of t h e  experi-  
4 
rcental i ng red ien t s  f o r  t h e i r  s tandard counterpar t s  i n t o  the  s t a ~ d a r d  j 
l i n i n g s ,  a s  1- is ted i n  Table 3-7. i 
I i 5 
A l l  r e s u l t s  of sampl:$ drag dynamometer t e s t s  w i l l  b e  shown a s  
* i 
dual p l o t s  of wear and corresponding average f r i c t i o n  a s  funct ions of 
I i 
temperature. Such p l o t s  a r e  commonly used i n  t h e  indus t ry ,  s ince  they 
I i 
allow Lbe observer t o  quickly d iscern  t h e  genera l  behavior of a sample J 
of f r i c t i o n  mater ia l .  While absolute  judgements about t h e  same f r i c t i o n  
1 
matisrial when used on a veh ic l e  mnot b e  made on t h e  b a s i s  of such 
I 1 
t e s t s ,  they provide a valuable  screening too l ;  t h i s  is e s p e c i a l l y  t r u e  
i f  t he  tests a r e  used t o  compare an experimental ma te r i a l  t o  one whose 
I 
i 
4 
I 
behavior or1 a veh ic l e  i s  known, i . e . ,  a "s tant~ard."  It has been found 
I .  
i 
a t  Bendix Research Laborator ies  t h a t  such a sample screening  procedure 1 
I 
1 
i s  more app l i cab le  t o  drum l i n i n g s  than t o  d i ~ c  pads, a s  long a s  t he  1 
sample drag machine i s  f i t t e d  with a drum. 
I 1 
I r* It should be noted t h a t  a l a r g e  amount of s c a t t e r  is  normally 1 t 
, /* - encountered i n  dupl ica te  t e s t s  of f r i c t i o n  ma te r i a l s  on sample machines. 
-1 
$ 
The complexities of t he  ma te r i a l s ,  t h e  t e s t  equipment and t h e  t e s t  pro- 1 
I 
1 7'
cedures a l l  c o n s t i t u t e  sources of v a r i a b i l i t y .  Even two samples c u t  
I 
from t h e  same piece of f r i c t i o n  m a t e r i a l  may thus,  sometime, show d i f -  
1 ferences i n  wear and/or f r i c t i o n .  I n  t h e  r e s u l t s  presented here in ,  t h e  
reader  i s  cautioned t o  keep t h e  above i n  mind, and t o  be aware of t rends  
i n  f r i c t i o n  and wear behavior ,  r a t h e r  than i n  absolu te  d i f f e r ences  be- 
4 
. tween t h e  f r i c t i o n  and wear of any two samples. 1 
- 
- - - - -  - 
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4.1 STANDARD LIN3:NGS 
The g e n e r a l  approach adopted i n  t h i s  program was t o  s e e k  improve- I 
ments in  a commercial secondary l i n i n g  c a l l e d  t h e  " s t a n d a r d  secondary 
l in ing."  The primary l i n i n g  r e q u i r e d  f o r  f u l l - s c a l e  t e s t i n g  was s e l e c t e d  
froxu a v a i l a b l e  commercial primary l i n i n g s  t o  a p p r o p r i a t e l y  match t h e  t - 1a 
secondary l i n i n g ,  e i t h e r  s t a n d a r d  o r  exper imental ,  b e i n g  t e s t e d .  It 1 
fi 
turned o u t  t h a t  a s i n g l e  primary l i n i n g  was a s u i t a b l e  match f o r  t e s t i n g  
bo th  t h e  s t a n d a r d  and exper imental  secondary l i n i n g s ;  t h a t  pr imary l i n i n g  4 .. ..- 3 
- e 1  
i s  des igna ted  t h e  " s t a n d a r d  primary l i n i n g  . I f  Th i s  s e c t i o n  d e s c r i b e s  t h e  'i 
f r i c t i o n  and  wear p r o p e r t i e s  of both  t h e  s t a n d a r d  secondary l i n i n g  - i n  
which exper imenta l  i n g r e d i e n t s  were s u b s t i t u t e d  - and the s t a n d a r d  p r i -  
1 
*-% 
mary l i n i n g .  4 
( E a r l y  i n  t h e  program, a few e x p l o r a t o r y  samples were f a b r i c a t e d  
i n  which exper imental  m a t e r i i k s  were s u b s t i t u t e d  i n t o  ihe s t a n d a r d  p r i -  
1 J 
mary l i n i n g .  The d a t a  from t h e s e  samples are p r e s e n t e d  and d i s c u s s e d  
I 
i n  Appendix F, since they  do n o t  add t o  t h e  genera l  conclus iol ls  of t h e  
r e p o r t .  ) 
F i g u r e s  4-1 and 4-2* a r e  p l o t s  of t h e  r e s u l t s  of sample dynamometer 
t e s t s  on t h e  s t a n d a r d  primary and secondary l i n i n g s ,  r e s p e c t i v e l y .  Sam- 
- ,  p l e s  c u t  from produc t ion  l i n i n g s  as w e l l  as some f a b r i c a t e d  a t  Bendix 
Research L a b o r a t o r i e s  (BRL) a r e  included.  The s c a t t e r  is obvious on 
b o t h  graphs.  The h i g h e r  wear  shown b y  t h e  primary a s  compared t o  t h e  
secondary ( n o t e  d i f f e r e n t  s c a l e s )  i s  t y p i c a l  o f  l i n i n g s  designed f o r  i 
Duo-Servo brakes .  The u s e  o f  a primary w i t h  too  much wear r e s i s t a n c e  1 
would r e s u l t  m less f r i c t i o n  s t a b i l i t y ,  poor f a d e  r e s i s t a n c e ,  and gen- 
e r a l l y  poor  o v e r a l l  performance. Because of t h i s  h i g h  wear, however, 
I some of t h e  sample dynamometer t e s t s  had t o  b e  t e rmina ted  e a r l y  because 
I t h e  sample had worn too t h i n  and t h e r e  was a danger oE s c o r i n g  t h e  drum w i t h  t h e  sample ho lder .  
>t 
Note t h a t ,  i n  F igures  4-1 and 4-2 and i n  t h e  fo l lowing  f i g u r e s ,  f o r  
I sample dynamometer tests, t h e  dimensions of wear are n o t  given; t h e  
wear r e p r e s e n t s  a normal ized weight l o s s .  A l l  of t h e  p l o t s  i n  t h i s  
r e p o r t  are c o n s i s t e n t  ( they  may b e  compared d i r e c t l y )  w i t h  a few ex- 
cep t ions  t h a t  sre c i t e d  i n  t h e  text. 
. 
b 
4-2 - - 
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1 
For t h e  secondary l i n i n g  i t  may b e  noted t h a t  one of t h e  BRL samples 4 
t racked t h e  production l i n i n g  very c lose ly  i n  both f r i c t i o n  and wear, 
while t h e  o the r  showed bvth higher  f r i c t i o n  and lower ..tear. F r i c t i o n  and 
wear reg ions  a r e  thus defined,  upon which w e  would l i k e  t o  make improve- 
ments. I n  i n i t i a l  subsequent graphs, t he  experimental l i n i n g  f r i c t i o n  
and wear w i l l  b e  compared t o  t he  b e s t  BRZ, curves, so t h a t  we may te l l  a t  
I 
‘- a glance whether a s i g n i f i c a n t  i m p r o v e ~ i n t  has been made. Subsequently 
- a comparison w i l l  a l s o  be  made with an average curve. ... + 
I 
4.2 POTASSI~~  TITANATE FIBER SUBSTITUTION 
The f a b r i c a t i o n  problems encountered when a l l  of t h e  asbes tos  w a s  
-" 
replaced with potassium t i t a n a t e  f i b e r  (Sect ion 3.2.2.2) suggested two 
a 1  te rna  t e  approaches : 
(a) p a r t i a l  s u b s t i t u t i o n  of asbes tos  with t i t a n a t e  f i b e r ,  and 
(b) i n c r e a s e  of r e s i n  i n  saaples  containing t h i s  f i b e r .  
Both these  avenues were explored, lead ing  t o  t h e  most ex tens ive  inves t i -  i 
, 
gat ions and most f r u i t f u l  r e s u l t s  of t h i s  program. These s tud ie s  a r e  t h e  
1 
s ~ b j e c t  of t he  present  sec t ion .  

fi: 
I 
i s  supe r io r  i n  wear c h a r a c t e r i s t i c s  ta t h e  1:3 composition. Further ,  
the 1:l mixture exh ib i t s  a  f l a t t e r  f r i c t i o n  curve than  the  s tandard j 
; l i n ing .  However, it was found t h a t  processing i s  s t i l l  d i f f i c u l t  wi th  
the s tandard quant i ty  of  r e s i n ,  a  por t ion  of t h e  pad breaking off  during 
fabr ica t ion .  For t h i s  reason, t h e  s u b s t i t u t i o n  f o r  even i a r g e r  quanti-  
t i e s  of  asbestos  was no t  explored a t  t h i s  s tage.  Since the  sampls wi th  
tho 50% asbes tos  replacement showed somewhat more favorable  wear, t h i s  
composition was chosen t o  study t h e  e f f e c t  of i nc reas ing  t h e  r e s i n  content.  
I 
-vrl 
I 
4.2.2 P a r t i a l  S u b s t i t u t i o n  f o r  Asbestos Over Ranges of Phenolic  
Resin and Modifier Level j 
Increas ing  t h e  phenolic r e s i n ,  over the quan t i t y  used in  
- * 
1 
the  s tandard  formula, i n  20%*stages up t o  60% ind ica t ed  t h a t  t h e  b e s t  
combined f r i c t i o n  and wear p rope r t i e s  r e s u l t  from a 40% increase ,  a s  
shown In Figure 4-4. I n  p a r t i c u l a r ,  p r epa ra t ion  of a sample i n  which 
high-temperature wear appeared t o  b e  improved over t h a t  of t h e  s tandard 
I 
I was s u f f i c i e n t l y  encouraging t h a t  add i t i ona l  samples of t h i s  composition 
I 
I 
i were f ab r i ca t ed  and tes ted .  Resul ts  of t hese  dupl ica t ions ,  shown in 
I 
I F igure 4-5, confirmed t h e  i n i t i a l  f ind ings  and l e d  t o  a  more de ta i l ed  
i n v e s t i g a t i o n  of compositions i n  t h i s  region. A d i scuss ion  of t h e  po ten- 
t i a l  m e r i t s  and f a u l t s  of t h i s  formulation w i l l  be  found below jc Sec- 
t i o n  4.2.3. However, it seems t h a t  t he  quant i ty  of 40% excess r e s i n  i s  
near  an optimum because even a  small  departure on e i t h e r  s i d e  of t h i s  
va lue  degraded the  wear improvement. This i s  shown i n  Figure 4-6, which 
gives f r i c t i o n  and wear p l o t s  f o r  composites wi th  47 and 33% added r e s i n  
1 
I a t  50% potassium t i t a n a t e  f i b e r  s u b s t i t u t i o n  f o r  asbestos .  A l t e rna t ive ly ,  
a s i m i l a r  r e s u l t  was found when t h e  t i t a n a t e  s u b s t i t u t i o n  was lowered 
1 e r r  from 50 t o  40% a t  t he  140% r e s i n  l e v e l ,  a s  a l s o  shown i n  F igure  4-6. 
,(a. i f i .  ; It was s t a t e d  in Section 3.2.2.2 t h a t  i nc rease  of potassium t i t a n a t e  4 f i b e r  t o  60% a t  140% r e s i n  l e v e l  did no t  allow f a b r i c a t i o n  of samples 
1 wi th adequate s t rength ;  t h i s  composition was t h e r e f o r e  no t  s tud ied  fu r the r .  
-- 
- * 
I -. , Percentage -changes here  a r e  referenced t o  t h e  amount of r e s i n  i n  t h e  
s tandard  formula; i . e . ,  amount of r e s i n  i n  s tandard = 100%. 
- ,  
1 - 
I 
. 
7 - 
I 
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It appears,  therefore ,  t h a t  an improved formula has been 
I 
I 1 found, based on t h e  s tandard secondary l i n i n g ,  with 50% of t he  asbes tos  I ' 1 : replaced by potassium t i t a n a t e  f i b e r  and with t h e  r e s i n  increased by 40% . . 1 -  i! (with o t h e r  i ng red ien t s  being ad jus ted  t o  maintain t h e i r  r e l a t i v e  amounts 
1 i 
i 
1 - 
constant) .  Among t h e  quest ions t h a t  a r i s e ,  however, and t o  which an 
answer was sought, a r e  t he  following: I I I 
/ -  (1) Are the  improvenlents r e a l l y  due t o  t h e  presence of potassium 
I : t i t a n a t e  f i b e r ,  o r  is  the  increase  i n  r e s i n  responsible? L ...* : I  F -. (2) How w i l l  t h i s  f r i c t i o n  ma te r i a l  behave when used a s  a f u l l -  
I i s c a l e  l i n i n g ?  ' - <  ?$ I I (3) How w i l l  t h i s  ma te r i a l  behave on a vehic le ,  and w i l l  i t  have 1 i acceptable  noise  p rope r t i e s  and drum or  r o t o r  compat ib i l i ty?  3 
1 1  (4) Can i t  b e  manufactured e a s i l y  and sa fe ly?  The answer t o  t he  f i r s t  quest ion is  t r e a t e d  below i n  Sec- 
i t i o n  4.2.3. A discuss ion  of  t h e  r e s u l t s  of i n e r t i a l  dynamometer t e s t s  i 1 
I w i l l  be  presented  i n  Sect ion 4.2.5 and 4.2.6. The l a s t  two quest ions 
i 
I 1 cannot b e  answered a t  t h i s  time, bu t  w i l l  a l s o  be  discussed l a t e r  i n  \ t h i s  repor t .  I I 
I : 1 
I I 
1 I b 
I I I I i, i 1 1 
I 4 
I * -  - 
1 
1 
.1 
* 
a -1 $ 7  
' t  
I .  
1 i 
! ; 
1 
j i i 
I 
L i B 5 
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4.2.3 Study of the Ef fec t s  of Potassium T i t a n a t e  F iber  i n  
F r i c t i o n  and Wear Improvement 
' I  
! To i n v e s t i g a t e  i n  g r e a t e r  d e t a i l  whether t h e  observed 
improvements in f r i c t i o n  and wear w e r e  due t o  the  presence of t h e  potas- 
t 
sium t i t a n a t e  f i b e r  o r  t o  t h e  presence of add i t i ona l  r e s i n ,  a new s e r i e s  I ,  
of experimental f r i c t i o n  mater ia l s  was f ab r i ca t ed  and tes ted .  The base- I 
l i n e  f o r  t hese  was s i m i l a r  t o  t h e  s tandard  commercial l i n i n g  described 4 
e a r l i e r ,  b u t  some of t h e  ing red ien t s  were not  t h e  same. This was done 
_ _ I _  
t o  avoid t h e  l i m i t a t i o n s  imposed by t h e  p rop r i e t a ry  na tu re  of t he  corn- 
merc ia l  l i n i n g  and thus t o  f a c i l i t a t e  communication. The r e l evan t  de- 
t a i l s  of t h i s  l i n i n g ' s  composition a r e  given i n  Table 4-2, toge ther  with * +! 
the compositions obtained when t h e  r e s i n  is increased  by 20, 40 and 60%. 
A summary of t h e  experimental f r i c t i o n  mater ia l s  which were f ab r i ca t ed ,  
I emphasizing r e s i n  &nd t i t a n a t e  f i b e r  v a r i a t i o n s ,  is given i n  Table 4-3. 
It can b e  seen t h a t  both r e s i n  and potassium t i t a n a t e  f i b e r  content  w e r e  3 
increased i n  a systematic  fashion so t h a t  t h e i r  i nd iv idua l  and i n t e r -  
a c t i v e  e f f e c t s  could be  determined. 
I 
I 
I Table 4-2 - Composition of New Basel ine Formulation 
and i t s  Var ia t ions  (Volume Percent)  
I 
: " 
Resin Added 
Ing red ien t  Basel ine 20% 40% 60% 
I 
Phenolic Resin 15.0 18.0 20.0 24.0 
I 
Chrysot i le  Asbestos 37.5 36.2 34.8 33.6 
35.3 34.0 32.6 !. I ; Organic Modifiers 36.5 
(P r inc ipa l ly  Cashew 
/ ,  
F r i c t i o n  P a r t i c l e )  
i : 1 Inorganic  Modifiers 11.0 10.5 10.2 9.8 i 4 
Sample dynamometer tests were performed, and f r i c t i o n  and 
wear a s  ?unctions of temperature were p l o t t e d  i n  t he  conventional fashion. 
' .  
I Since t h e  major i ty  of t hese  p l o t s  do no t  con t r ibu te  t o  t he  c l a r i t y  of the  
I 
1 .  
following discussion they w i l l  no t  b e  shown here,  b u t  a r e  included in 
Appendix G. A d e t a i l e d  ana lys i s  of t h e  r e s u l t s  now follows. 
I 
, 
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I 3 
! 
1 i * " ! 
I ( i 
i I 'E. 
I I 
i I 
1 i t h e  t i t a n a t e  fiber-to-asbestos r a t i o ,  f o r  1 8  and 21% binder .  The appar- 
e n t  except ion a t  24% binder ,  Figure 4-9 ,  may b e  a consequence af statis- 
t i c a l  va r i a t i on .  The e f f e c t s  of t he  asbes tos  replacement on low temper- I 
a t u r e  f r i c t i o n ,  below 450°F (232OC), tend t o  b e  less pronounced, t he  
t = f r i c t i o n ,  f a l l i n g  s l i g h t l y  and somewhat i r r e g u l a r l y  above and below t h a t  
f o r  t h e  corresponding standard. A p o s s i b l e  t rend  can Sa seerr a t  350°F 
(177°C) on Figures  4-8 and 4-9, t h e  f r i c t i o n  f i r s t  decreasing and then 
inc reas ing  with inc reas ing  t i t a n a t e  f  iber-to-asbes t o s  r a t i o .  Consider- I. - 
C 
i n g  t h e  f r i c t i o n  ccrves over t h e  e n t i r e  temperature range, t h e  f r i c t i o n  
Y 
i 
is  comparatively constant  with temperature f o r  potassium t i t a n a t e  f i be r -  
.; 3 
to-asbestos r a t i o s  of 1.5. For example, t he  f r i c t i o n  range i s  0.33 t o  
0.39 and 0.32 t o  0.38 f o r  binder  conten ts  of 21  and 24%, respect:  3xely. 
With thermal s t a b i l i t y  a s  an important con t ro l l i ng  
f a c t o r ,  we would have expected increased  h igh  Cemperature f r i c t i o n  a s  t he  
r 
t i t a n a t e  fiber-to-asbes t o s  r a t i o  i s  increased  i n  an otherwise f ixed  com- 
I I 
1 
pos i t i on .  Al te rna te ly ,  a t  f ixed  t i t a n a t e  fi i ier-to-asbestos r a t i o s ,  in- I 
c reas ing  the  b inder  content  would probably r e s u l t  i n  a decrease of h igh  ! 
I 
, . temperature f r i c t i o n .  Keeping t h e s e  cons idera t ions  i n  mind, and knowbg i 
I 
t h a t  t h e  potassium t i t a n a t e  f i b e r  may r equ i r e  an unusually l a r g e  binder  i 4 .  
I content ,  it was necessary t o  c l a r i f y  whether t he  probable f r i c t i o n -  i i 
, i nc reas ing  e f f e c t  of t h e  t i t a n a t e  would be  suppressed by rhe de t r imenta l  I 
e f f e c t  on f r i c t i o n  t o  be expected from t h e  increased  binder  c ~ ~ t e n t .  It I 
I 
was a l s o  d e s i r a b l e  t o  know how broad a composition range i s  a v a i l a b l e  
over which z i g n i f  i c a n t  f r i c t i o n  enhancement occurs.  From t h e  preceding 
- I 
1 
1 
I 
, r e s u l t s  , it  is e s t ab l i shed  t h a t  s i g n i f i c a n t  high- temperature f r i c  t i o a  
J! 
I 
i ,t; s t a b i l i t y  can b e  achieved by t h e  add i t i on  of potassium t i t a n a t e  f i b e r  i 
over a broad range of composition. 1 i'" , 
I ; 
f Wear Improvement - The e f f e c t  on wear a s  a func- 1 4 i t 
t i on  of temperature of t h e  p a r t i a l  replacement of asbestos  by potassium 1 d f 1 
i 
t i t a n a t e  f i b e r ,  a t  var ious  r e s i n  concents of t h e  composite, i s  shown in 4 
L 
1 4  
I Figures  4-10 t o  4-12. The four  curves i n  Figure 4-11 a r e  shown on two t 
! ! ; 
, p l o t s  f o r  c l a r i t y  of presenta t ion  only. (Note t h a t  t h e  scales on t h e  i 
I 
ord ina t e s  have been changed s l i g h t l y  from those shown i n  Appendix G.) =! 
8 
1 
It is clear, first  o f  a l l ,  t h a t  a t  temperatures  below 450°F (232OC), i 
wear i s  comparat ively  low and  wear d i f f e r e n c e s  between t i le  b a s e l i n e  and 
exper imenta l  composites are smal l .  This r e l a t i v e l y  low wcar, showing 
l i t t l e  temperature  dependence, is  t y p i c a l  o f  t h a t  found in t h e  a b r a s i o n /  
(4-1,4-2) I 
adhesion wear reg ion ,  and does n o t  a l low us t o  p o s i t i v e i y  d i f -  
I 
f e r e i l t i a t e  betwe \n t h e  v a r i o u s  f r i c t i o n  materials. At  temperatures  
above 450°F (232 OC) , however, i n c r e a s e d  wear and wear d i f f e r e n c e s  become 
I apparen t  as t h e  b i n d e r  and o t h e r  o rgan ic  components p a s s  i n t o  t h e  thermal 
I decomposit ion region.  (4-3) Not on ly  is  it easy  now t o  d i f f e r e n t i a t e  
I 
between t h e  v a r i o u s  composites,  b u t  t r e n d s  can b e  d i s c e r n e d  as f u n c t i o n s  
- 
o f  t h e  t i t a n a t e  f ibe r - to -asbes tos  r a t i o  and o f  t h e  r e s i n  content .  The 
former w i l l  b e  d i scussed  i n  g r e a t e r  d e t a i l  below v h i 1 ~  t h e  l a t t e r  h a s  1 
a l r e a d y  been a l l u d e d  t o  by r e f e r e n c e  t o  t h e  h i g h  b;n<rr c o n t e n t  r e q u i r e d  i 
1 
b y  t h e  t i tanate f i b e r .  2 
Whereas t h e  s t a n d a r d  composites a t  a l l  t h r e e  1 
r e s i n  l e v e l s  have q u m t i t a t i v e l y  similar wear 175 t empera tu re  curves ,  
t h e  i n t r o d u c t i o n  of potass ium t i t a n a t e  f i b e r  causes  drama t i c  changes i n  )i 1 i 
t h e i r  behav ior .  For t h e  c a s e  o f  1 8  and 21% r e s i n ,  a s i g n i f i c a n t  in-  1 
c r e a s e  in wear is  observed,  t h e  l a r g e s t  change coming about  w i t h  t h e  
lowes t  r e s i n  coatrent. When t h e  r e s i n  c o n t e n t  is  r a i s e d  t o  24%, a re- 
versal t a k e s  p l a c e  ar~d an improvement i n  t h e  wear o f  t h e  material is  
brought  gbout  by Che replacement  of some of t h e  a s b e s t o s  by t h e  potas-  
sium t i t a r n a t e  f i b e r .  i 
The e f f e c t  of v a r i a t i o n  i n  t i t a n a t e  f iber- to-  
a s b e s t o s  r a t i o  on h i g h  temperature  wear can b e  seR.fi more c l e a r l y  in 
Figure  4-13. The d a t a  i n  t h i s  f i g u r e  have been averaged from measure- 
1 
ments a t  450, 550 and 650°F (222, 288 and 343°C). Wear improvement on i t h i s  f i g u r e  and subsequent  ana7.ogous f i g u r e s  1:epres en ts t h e  compara tive l i f e  o f  t h e  composites w i t h  and wi thou t  potass ium t i t a n a t e  f i b e r .  For 
example, a wear improvement of p l u s  50% i n d i c s t e s  t h a t  t h e  l i f e  o f  t h e  
exper imenta l  composite would b e  50% l o n g e r  than t h a t  o f  t h e  b a s e l i n e  
composite (i.e., AW/W = (W b a s e l i n e  - W e-xperimental) /W exper imenta l ) .  
A n e g a t i v e  v a l u e  of 50% i r ~ d i c a t e s  t h a t  t h e  li5etinie of  t h e  b a s e l i n e  
. 
1 ,  I 1 I -- 
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F i g u r e  4-13 - The E f f e c t  on Wear a t  Iligh Temperature (>45O0I? o r  232°C) 
of t h e  P a r t i a l  Replacement o f  Asbestos  1;lYth Potass ium 
I 
I T i t a n a t e  F i b e r  I 
I 
I 
I I would b e  50% l a r g e r  than t h a t  of t h e  exper imenta l  ( i .e . ,  AW/W = (W 
I 
~ 1 I b a s e l i n e  - W experimental)/W b a s e l i n e ) .  
I I It can be  seen from t h e  p o s i t i v e  s l o p e s  and rela- I I 
I t i v e  p o s i t i o n  of t h e  t h r e e  curves  i n  F i g u r e  4-13 t h a t  h i g h  temperature  
I i wear improvement i s  an i n c r e a s i n g  f u n c t i o n  of t i t a n a t e  f ibe r - to -asbes tos  r a t i o  as w e l l  as b i n d e r  con ten t .  The upper l i m i t  of t h e  t i t a n a t e  f i b e r -  I ,  1 to-asbestos  r a t i o  is  e v i d e n t l y  about  1.5 f o r  b i n d e r  c o n t e n t s  of 21% as i discussed  i n  S e c t i o n  3.2.2 above. There fore ,  t h e  t r e n d s  of F igure  4-13 ! 1 
i n d i c a t e  a g a i n  t h a t  t h e  replacement o f  asib es t o s  w i t h  t i t a n a t e  f i b e r  h a s  1 I I 
I i 1 I a d e l e t e r i o u s  e f f e c t  on h i g h  temper[ -me wear a t  b i n d e r  c o n t e n t s  n e a r  1 
I l 
o r  below 21%, s i n c e  t h e  "improvement" i s  negat:lve. F o r  24% b i n d e r ,  how- i 
I 
- ,  1 
ever ,  t h e  replacement  has  a b e n e f i c i a l  e f f e c t ,  t o  v a l u e s  a s  h i g h  a s  55% 4 
I i 
il improvement f o r  rhe  t i t a n a t e  f ibe r - to -asbes tos  r a t i o  o f  1 .0  and 1.5. 
Within  c e r t a i n  l i m i t a t i o n s ,  t h e  wear o f  composi re 1 1 
1 
systems of t h i s  t y p e  w i t h o u t  t i t a n a t e  f i b e r  t e n d s  t o  d e c r e a s e  w i t h  i n -  i 
I 
I 
c r e a s i n g  b i n d e r  c o n t e n t ,  w i t h  t h e  accompanying tendency toward i n c r e a s e d  4 
-4 
I fade.  S i n c e  t h e  introduction of  potass ium t i t a n a t e  f i b e r  t ends  t o  reduce 
1 
I s 2ade s i g n i f i c a n t l y  , i t s  i n t r o d u c t i o n  permi t s  h i g h e r  b i n d e r  c o n t e n t  w i t h o u t  
I 1 
. I I 
1 %  
f - 
I 
i 4-17 - - 
---- --. % 
t L 
fade.  I n  t h a t  manner, potass ium t i t a n a t e  f i b e r  may b e  viewed a s  a wear 
reduc ing  agent .  I f  t h a t  were t o  d e s c r i b e  t h e  s o l e  mechanism of wear 
improvement f o r  composites c o n t a i n i n g  t i t a n a t e ,  no wear improvements 
above ze ro  on F igure  4-13 would b e  obta ined!  The p o s i t i v e  wear improve- 
ments o b t a i n e d  a t  24% b i n d e r  s u g g e s t s  t h a t  t h e  potass ium t i t a n a t e  f i b e r  r 4 
replacement of a s b e s t o s  has  r e s u l t e d  i n  wear r e d u c t i o n  above t h a t  due 1 
t o  t h e  g r e a t e r  r e s i n  content .  W e  may conclude t h a t  a d i f f e r e n c e  between 
one o r  more of t h e  p r o p e r t i e s  o f  a s b e s t o s  and potass ium t i t a n a t e  f i b e r ,  
..& 
i n c l u d i n g  t h e i r  manner o f  i n t e r a c t i n g  w i t h  o t h e r  i n g r e d i e n t s ,  h a s  con- 
t r i b u t e d  t o  wear improvement. 
For low temperature  wear, t h e  d a t a  d i f  Eerences 
-2 
a r e  comparat ively  s m a l l  ( i n  most cases  less t h a n  t h e  e s t i m a t e d  uncer- 
t a i n t y ) ,  and t r e n d s  cannot  b e  e s t a b l i s h e d .  The d a t a  p r e s e n t e d  i n  Fig- 
ure 4-14 a r e  averaged o v e r  measurements at temperatures  o f  250, 350 and 
450°F (122, 177  and 222OC); d a t a  averaged over  t h e  lower of these  two 
teDpera tu res  are negligibly d i f f e r e n t .  
r T
BINDER 0 18 I CONTENT 0 21 ('10 VOL) O 2 4  
AW/W WEAR IMPROVEMENT, "/c. 
2 0  - M MEAN OF TWO TESTS 
0 
AW/W 
-20  
I -40 
I 
i 
t 
- 
- 
I I 1  
0 .5 1.0 1.5 2.0 
POTASSIUM TITANATE 
TO ASBESTOS RATIO 
F i g u r e  4-14 - The E f f e c t  on \rear a t  Low Temperature ( 4 5 0 ° F  o r  232OC) I 
of t h e  P a r t i a l  Replacement of Asbestos 17ith Potass ium 
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4.2.3.2 F r i c t i o n  and Wear Compared t o  "Best" Adjusted 
Base l ine  
I Comparisons given i n  t h e  preceding sec t ion  dc 
i j n o t  revza l  t h e  maximum simultaneous f r i c t i o n  and wear improvements t h a t  
I 
I. t h e  addi r ion  of a  new ing red ien t  can produce, compared t o  any of a l a r g e  I 1 I I
I poss ib l e  number of "best-compromise" compositions f o r  t h a t  s e t  of ingre- 1 d ien t s .  Since a  survey of f r i c t i o n  and wear p rope r t i e s  over the complete 
1 1  composition range of composites was not  poss ib le ,  simultaneous improve- i 
I ment magnitudes cannot be  es tab l i shed .  However, t o  ob ta in  an ind ica t ion  r .  I 
I of the poss ib l e  improvements, comparisons' a r e  made here  t o  the "best  
I ad jus ted  basel ine",  which had the  lowest wear r a t e  among the ad jus ted  
I * 
base l ines  whose f r i c t i o n  a t  h igh  temperature remained above 0.2. It i s  
t h e  composite with 21% binder  (140% r e s i n ,  composition given i n  Table 4-3). 
I It was c l e a r l y  the "best" b a s e l i n e  i n  t h a t  i t s  high temperature f r i c t i o n  
was not exceeded. by any o the r  s tandard,  and i t s  wear was only neg l ig ib ly  
I 
I higher  than one o the r  base l ine  which exhib i ted  extreme fade (as shown 
I I i n  Figure 6 2  of Appendix G i n  a  d i r e c t  comparison). 
1 F r i c t i o n  and wear improvements compared t o  the  
1 b e s t  ad jus ted  base a r e  given i n  Figure 4-15. The f r i c t i o n  values a r e  
based on measurements a t  550 and 650°F (288 and 343°C) and t h e  wear 
from measurements a t  450, 550 and 650°F (222, 288 and 343OC). I t  can 
b e  seen from Figure 4-15(b) t h a t  r e l a t i v e  t o  t h e  bes t  adjusted base, 
h igh  temperature wear improvements would requi re  binder  conten ts  near  
i 
. I 
o r  above 24% and potassium t i t a n a t e  t o  asbes tos  r a t i o s  near o r  above 
i 
i 
f 
uni ty .  Fade wodd  n o t  be  s i g n i f i c a n t  a t  those  compositions, b u t  t he  
I p o t e n t i a l  wear improvements a r e  small ,  on the  order  of 20%. ! 
The ind ica t ions  of maximum improvement i n  t h i s  
1 i 
I comparison a r e  sub jec t  t o  an i n t e r p r e t a t i o n  problem which w i l l  be des- cr ibed.  F i r s t ,  composition changes t h a t  reduce fade tend t o  increase  
i 
t 
3 
wear, a s  was e s t ab l i shed  f o r  composites of t h i s  general  type by M. Jacko i 
and co-wo rlcers . ( 4- 4) It was shown t h a t ,  i n  varying compositions from 
those  t h a t  e%hibit extreme f ade  t o  tho-:e t h a t  e x h i b i t  no fade, wear r a t e  
increased  by a  f a c t o r  o f  over 2.5. On t h e  b a s i s  of i ts  composition and i I 
i 
- 
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I 
comparative fade  and wear c h a r a c t e r i s  t i c s ,  t h e  b e s t  a d j u s t e d  b a s e  used 
I 
i n  t h e  above comparisons would t end  t o  b e  c l a s s e d  as a h i g h  fade-low 
wear composite. The a b i l i t y  o f  potass ium t i t a n a t e  f i b e r  t o  e l i m i n a t e  
t h e  fade  i n  such a composit ion wi thou t  impa i r ing  t h e  wear h a s  t h e  
.: i 
fo l lowing  consequences: I f ,  i n  a p a r t i c u l a r  a p p l i c a t i o n ,  r e l a t i v e l y  
h i g h  f a d e  i s  accep tab le ,  b u t  wear improvements are d e s i r e d ,  potass ium - 
t i t a n a t e  f i b e r  can b e  of l i m i t e d  b e n e f i t ;  i t  could  b e  used t o  reduce 
t h e  fade,  a f a c t o r  o f  l i t t l e  concern,  and t o  p rov ide  s r m l l  wear impro3;e- 
i I ments, as shown i n  Figure  4-15. However, j.f a p a r t i c - J a r  a p p l i c a t i o n  i i demands low f a d e ,  and comparat ively  h i g h  wear h a s  lzz:?n accep ted  but i s  nor  1 
d e s i r e d ,  potass ium t i t a n a t e  f i b e r  can p rov ide  s i g n i f i c a n t  5 e n e f i t .  The I 
. 
t i t a n a t e  f i b e r  can b e  added t o  a h i g h  fade-low wear composit ion t o  pzo- 
v i d e  a composite w i t h  e s s e n t i a l l y  no fade ,  and a wear s u b s t a n t i a l l y  
lower than  t h a t  of t h e  p rev ious ly  a c c e p t e d  low f a d e  composite. 
I> I i I 
- - 
4-20 
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: 
4.2.3.3 Summary o f  Improvements Achieved b y  I n c o r p o r a t i o n  / 
of  Potass ium T i t a n a t e  F i b e r  and Resin Adjustment 
I 
I L e t  us now r e t u r n  and c o n s i d e r  t h e  improvements 1 
I 
I i 
I - 
made i n  t h e  s t a n d a r d  commercial secondary l i n i n g .  The f r i c t i o n  and wear 1 
I I a s  f u n c t i o n s  of temperature  f o r  t h e  s t a n d a r d  are r e p l o t t e d  i n  F igure  4-17. i t j I Brackets  i n  t h e  f i g u r e  r e p r e s e n t  t h e  d a t a  s c a t t e r  from m u l t i p l e  tests; 1 i 1 
n o t e  p a r t i c u l a r l y  t h e  l a r g e  s c a t t e r  i n  wear measurements a t  temperatures  { 
4 
above 550°F (288°C). I n  F igure  4-1-2, t h e  f r i c t i o n  and wear of t h e  o p t i -  
I 
.. d 
mum exper imenta l  composite (based on t h e  s t a n d a r d  commercial secondary +i 
I 1 
i l i n i n g )  a r e  compared t o  t h o s e  f o r  t h e  s t a n d a r d  l i n i n g .  The d a t a  p o i n t s  4 , 
I 
I p e r t a i n i n g  t o  t h e  exper imental  composite are based on t h e  mean from two @ * .6 
t e s t s ,  t h e  b r a c k e t s  r e p r e s e n t  t h e  combined u n c e r t a i n t y  from t h e  i n d i v i -  1 
/ 
1 dual  u n c e r t a i n t i e s  o f  t h e  d a t a  f o r  t h e  s t a n d a r d  and exper imenta l  
i composit;es. 1 
S i g n i f i c a n t  improvements are no ted  i n  fade  reduc- 4 
i i 7 
i t i o n  and h i g h  temperature  wear. The wear improvement averaged over  400 1 
/ t o  650°F (204 t o  343OC) i s  46%; f o r  temperatures  below 400°F (204°C) 1 i 1 
I t h e  wear of t h e  optimum exper imental  composite i s  t h e  same as t h a t  o f  1 t h e  s t andard .  The low temperature  f r i c t i o n  o f  t h e  exper imenta l  compo- I 
s i te  i s  s u b s t a n t i a l l y  lower than  t h a t  o f  t h e  s t andard .  1 
I 
I The improvements relative t o  t h e  s t a n d a r d  c o w  4 
I m e r c i a l  l i n i n g  a r e  t h u s  q u i t e  s i m i l a r  t o  t h e  maximum improvements de- 4 i s c r i b e d  i n  t h e  p reced ing  s e c t i o n s  (4.2.3.1 and 4.2.3.2) , a l though  t h e  1 i 1 
two composite systems a r e  n o t  t h e  same. It h a s  been e s t a b l i s h e d  t h a t ,  I 
I 
I when 50% of t h e  a s b e s t o s  i s  r e p l a c e d  a i t h  potass ium t i t a n a t e  f i b e r  and 
t h e  r e s i n  i n c r e a s e d  by 40%, some improvement i n  wear i s  due t o  t h e  
I 4 
I added r e s i n .  However, some a d d i t i o n a l  wear improvement and t h e  i n c r e a s e d  1 i i high  t empera tu re  f r i c t i o n  can b e  a t t r i b u t e d  d i r e c t l y  t o  C,le s u b s t i t u t i o n  - 4 4 of t h e  potass ium t i t a n a t e  f i b e r .  I ; 
4.2.4 E f f e c t s  o f  F r i c t i o n  Modi f ie r  Changes 
i j 
I Sirice t h e  potass ium t i t a n a t e  f i b e r  e x h i b i t e d  such obvious i 
p o t e n t i a l  f o r  f r i c t i o n  improvement i t  was t r i e d ,  e a r l y  i n  t h e  program, 4 
I 4 
I i 
. j 
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a s  a  p a r t i a l  replacement f o r  cashew f r i c t i o n  p a r t i c l e  a t  two r e s i n  I )  
l e v e l s ,  100 and 120%. While t h e  f r i c t i o n  is  indeed q u i t e  good, the  wear 
i s  unacceptably high,  Figure 4-19, and t h i s  s u b s t i t u t i o n  was no t  explored 
fu r the r  . 
0 t h e r  v a r i a t i o n s  i n  f r i c t i o n  modif iers  included the  fo l -  I 
lowing attempts: 
(1) Inc rease  o r  decrease of the  modif ier  t o  f i b e r  r a t i o  by 10% 1 
I from the  "optimum" formula gave no c l e a r  f u r t h e r  improvement i 
."1 
i n  f r i c t i o n  o r  wear, a s  shown i n  Figure 4-20. 
(2) Replacement of a  minor organic  cons t i tuent  i n  the  "optimum" 
formula wi th  cashew f r i c t i o n  p a r t i c l e  i n  an attempt t o  r a i s e  
- '1 
4 
1 i t s  low temperature f r i c t i o n  caused a  l a r g e  inc rease  i n  wear 
- 1 
! 
without  improving f r i c t i o n .  1 
( 3 )  Replacement of  minor organic cons t i t uen t s  with f u l l y  cured 1 
granular  M074, used here  s t r i c t l y  a s  a f r i c t i o n  modifier,  i 
= 3  
did not  improve e i t h e r  f r i c t i o n  o r  wear. P l o t s  f o r  t h e  
! l a t t e r  two t e s t s  a r e  shown i n  Figure 4-21. 


4.2.6 L in ing  Performance : FMVSS 105-75 S imula t ion  
The test d e s c r i b e d  i n  Appendix E may b e  o u t l i n e d  as 
fo l lows  : 
(1) I n s t r u m e n t a t i o n  Check 
(2) F i r s t  E f f e c t i v e n e s s  (Pre-Burnish) t - 
(3) Burnish , 
1 1
(4) Second E f f e c t i v e n e s s  
(5) Reburnish ..+.. 
(6) T h i r d  E f f e c t i v e n e s s  , P a r t i a l  Sys t e m  F a i l u r e  and 
I n o p e r a t i v e  Power E f f e c t i v e n e s s  
(7)  F i r s t  Fade and Recovery * *  
(8) Reburnish 
I (9) Second Fade and Recovery 
I (10) Reb t l rn ish  (ll) ~ o u r t h  E f f e c t i v e n e s s  
(12) Spike Stops 
(13) Spike E f f e c t i v e n e s s  Check 
The r e a d e r  i s  r e f e r r e d  t o  t h e  S a f e t y  S tandard  (4 -5 )  f o r  a d e t a i l e d  
d e s c r i p t i o n  of t h e  v e h i c l e  test,  t h e  requ i rements ,  and d e f i n i t i o n s  o f  
I terms. As performed i n  t h i s  s i m u l a t i o n ,  an  e f f e c t i v e n e s s  test c o n s i s t s  
1 of s e v e r a l  s t o p s  from a given speed a t  c o n s t a n t  (p re - se t )  to rque ,  each 
b 
i s t o p  a t  a p r o g r e s s i v e l y  h igher  d e c e l e r a t i o n  rate. The l i n e  p r e s s u r e  
I r e q u i r e d  t o  main ta in  t h e  torque i s  recorded f o r  each s top .  P l o t s  can I 
I b e  made of t o r q u e  vs .  P i n e  p r e s s u r e  a t  each speed: t h e s e  are c a l l e d  L 
I I c f  f e c t i v e n e s s  p l o t s  ." I d e a l l y  e f f e c t i v e n e s s  p l o t s  would b e  superim- 
posab le  f o r  a l l  speeds a n d ' a l l  e f f e c t i v e n e s s  tests i n  a series (e.g. ,  
I 
f i r s t ,  second and f o u r t h  e f f e c t i v e n e s s  i n  above sequence) .  This would 
9 i .4 i n d i c a t e  constancy of Lehavior  - hence p r e d i c t a b i l i t y  - of  t h e  f r i c t i o n  m a t e r i a l  under a l l  c o n d i t i o n s  of use .  I n  p r a c t i c e  t h i s  is n o t  observed,  
b u t  c e r t a i n  a s p e c t s  of a s e r i e s  of e f f e c t i v e n e s s  t e s t s  can b e  ana lyzed  
f o r  t h e i r  d e s i r a b l e  o r  unfavorab le  f e a t u r e s .  We w i l l  r e t u r n  t o  t h i s  
I s h o r t l y .  
1 ,  
6 
i 
1 %  
-4-2 7 - 
k 
Y 
! 
i 
In  a d d i t i o n  t o  e f f e c t i v e n e s s  tests , t h e  above sequence i I , 
i n c l u d e s  a series of  "burnishes"  which s e r v e  t o  c o n d i t i o n  t h e  s u r f a c e  
of t h e  l i n i n g s  by removing t h e  g ross  s u r f a c e  f e a t u r e s  i n  a s e r i e s  of 
j r e l a t i v e l y  mild  applications fo l lowing  any s e v e r e  a p p l i c a t i o n s .  There 
a r e  a l s o  two "fhde tests", i n  which a series of  h igh  t o r q u e  s t o p s  are I - 
made a t  c l a s e l y  spaced t ime i n t e r v a l s ,  caus ing  a l a r g e  t empera tu re  rise 1 
and a l o s s  i n  f r i c t i o n .  The "recovery" s t o p s  check t h e  a b i l i t y  o f  l i n i n g  
I 
t o  r e g a i n  i t s  i z i t i a l  f r i c t i o n  v a l u e  immediately a f t e r  t h e  s e v e r e  abuse  .. ,- 
o f  a fade  t e s t .  F i n a l l y ,  t h e  "spike" s t o p s  t o  v e r i f y  t h e  a b i l i t y  of a 
l i n i n g  t o  s u r v i v e  a s e r i e s  of s t o p s  a t  very h i g h  rates of  p r e s s u r e  rise. 
3 
With t h i s  i n t r o d u c t i o n ,  we a r e  ready t o  d i s c u s s  t h e  r e s u l t s  * 
of  tile FMVSS 105-75 !j-Lmulation tests. P l o t s  have been drawn f o r  a l l  
e f f e c t i v e n e s s  tests and a r e  shown i n  Appendix H ;  t h e  e f f e c t i v e n e s s  curves  
f o r  t h e  second e f f e c t i v e n s s  test a r e  a l s o  shown irl F igure  4-22. These 
curves  u s u a l l y  are spproximately  l i n e a r ,  wi th  a p o s i t i v e  s l o p e  i n d i c a t i n g  
a s teady  i n c r e a s e  i n  to rque  w i t h  i n c r e a s e  i n  l i n e  p ressure .  Note, however, 
t h a t  some of  t h e  curves  i n  t h i s  p l o t  have a b r u p t  changes i n  s l o p e ,  i n d i -  
c a t i n g  an k c r e a s e  i n  to rque  developed a t  c o n s t a n t  o r  even decreased l i n e  
p r e s s u r e ;  i . e .  , t h e  l i n i n g s  have gained i n  e f f e c t i v e n e s s  a f t e r  a c e r t a i n  
number of s t o p s .  These curves  a r e  n o t  ve ry  s u i t a b l e  f o r  f u r t h e r  a n a l y s i s ,  
2ad i t  i s  convenient  t o  d e f i n e  a n o t h e r  term, 
Torque I Gain = - i L i n e  P r e s s u r e ,  
4 
i 
and t o  make a s e r i e s  of p l o t s  of " ~ a i n "  a s  a f u n c t i o n  of "Stop Number" 
I f o r  a l l  t h e  e f f e c t i v e n e s s  tests. Note t h a t  t h e  g a i n  p l o t s  f o r  a n  i d e a l  
a 
l i n i n g  would b e  a s e t  of superimposed h o r i z o n t a l  l i n e s .  Ca lcu la ted  1 
v a l u e s  of t h e  g a i n  a r e  t a b u l a t e d  i n  Table  4-5. S e v e r a l  c ross -p lo t s  of 
, t h e  gain  are presen ted  i n  F igures  4-23 through 4-29. 
I 
1 
1, 
i 
5 
I 4-2 8 - 
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T a b l e  4-5 - C a l c u l a t e d  Va lues  of Gain f o r  FMVSS 105-75 
S i m u l a t i o n  T e s t  R e s u l t s  
A. STANDARD LINING GAIN = TORQUE/LINE PRESSURE 
I i 1 1ST EPF. 2ND EFF. 3RD EFF. 4TJl EFF. SPIKE EFF. 1 1 

When analyzing t h e  Gain vs. Stop Number p l o t s ?  t h ree ' f ac -  
t o r s  should b e  kep t  i n  mind: 
(1) General ga in  l eve l .  
1 
The i n i t i a l  l e v e l  should not  b e  overly high i n  a drum brake 
t h a t  i s  t o  b e  used i n  a d i s c  front/drum r e a r  (abbreviated 
discidrum) comb?-nation system, i n  order  t h a t  the  proper <' 
r 
balance between the d i s c  and drum b e  maintained. The l a t t e r  I 
I - is a ma.jor problem i n  t h e  design of modern brake systems. ..At For a drum/drim system the  absolu te  gain l e v e l  is  no t  a s  
I 
important ,  s i n c e  we do no t  have t o  concern ourselves about 
balance problems; changes i n  l e v e l  w i l l  presumably b e  i n  
1 the same d i r e c t i o n  f o r  both f r o n t  and r e a r  drums, i .e. ,  
balance w i l l  be maintained automatical ly .  I 
(2) Change i n  
The l e s s  change i n  gain,  t he  b e t t e r  the l i n i n g ,  a s  a genera l  
ru l e .  
I (3)  Speed spread. 
f o u r t h  e f f e c t i v e n e s s  tests f o r  t h e  exper imental  l i n i n g .  The exper imenta l  1 
3 
l i n i n g  can thus  be  s a i d  t o  have b e t t e r  f r i c t i o n  s t a b i l i t y  than  t h e  s t a n -  4 
dard.  Th is  i s  perhaps t h e  most s i g n i f i c a n t  advantage it can have because  
i t  means t h a t  i t  o f f e r s  a b e t t e r  s topp ing  d i s t a n c e  c a p a b i l i t y  i n  a d i s c /  1 
drum system. The s t a b i l i t y  advantage i s  shown more c l e a r l y  i n  F igure  4-25, I 
and e s p e c i a l l y  i n  F igure  4-26 f a r  60 MPH; t h e r e  i s  no  advantage a t  80 MPH, 
Figure  4-27. 
L i g h t  l o a d ,  p a r t i a l  sys tem f a i l u r e ,  i n o p e r a t i v e  power, and 
I 
s p i k e  e f f e c t i v e n e s s  tests, F i g u r e s  4-28 and 4-29, show no s F g n i f i c a n t  d i f -  
f e r e n c e s  betweeen t h e  l i n i n g s .  Both seen1 t o  b e  q u i t e  accep tab le .  
R e s u l t s  o f  b o t h  fade tests, F i g u r e s  4-30 and 4-31, show 
q u i t e  a c c e p t a b l e  behav ior ;  no s i g n i f i c a n t  d i f f e r e n c e  can b e  found between 
- 3  1 
I 
t h e  l i n i n g s .  The exper imenta l  may hare .  s l i g h t l y  more f a d e  due t o  t h e  
h i g h e r  r e s i n  c o n t e n t ,  and it may have a s l i g h t  tendency toward over-re- 
I 
covery.  B u t  the '  d i f f e r e n c e s  between t h e  two l i n i n g s  a r e  probably w i t h i n  
t h e  range of v a r i a t i o n  t h a t  would b e  seen i f  d u p l i c a t e  tests were run. 
I n  summary then ,  f o r  use  i n  a disc /drum combination, t h e  
exper imenta l  l i n i n g  shows advafitages r e l a t i . v e  t o  t h e  s t a n d a r d  l i n i n g  by 
having b e t t e r  f r i c t i o n  s t a b i l i t y  and less speed s p r e a d ;  t h e s e  f a c t o r s  
enhance t h e  a b i l i t y  o f  a d isc /drum system t o  m e e t  t h e , r e q u i r e m e n t s  of 
FMVSS 105-75. For use i n  a drumldrum system, t h e  g r e a t e r  f r i c t i o n  s t a -  
b i l i t y  of t h e  exper imenta l  l i n i n g  i s  n o t  n e c e s s a r i l y  an advantage f o r  
E'MVSS 105-75 ; t h e  lesser speed s p r e a d  remains advantageous however, be- 
cause  i t  e l lows  a g r e a t e r  s a f e t y  margin i n  peda l  e f f o r t  on t h e  h i g h e r  
speed s t o p s .  I 
8 We now proceed t o  d e s c r i b e  t h e  r e s u l t s  o f  t h e  a c c e l e r a t e d  
I I 
wear t e s t  on a f u l l  s c a l e  i n e r t i a l  dynamometer. 
; 
84 
I 
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4.2.7 Wear as a Funct ion of Temperature 
The f u l l - s c a l e  i n e r t i a l  dynamometer test desc r ibed  i n  t h e  
p rev iovs  s e c t i o n  allowed a de te rmin ,a t? -~n  t o  be made of t h e  r e l a t i v e  
f r i c t i o n a l  performance of t h e  exper imenta l  and s t a n d a r d  l i n i n g s .  How- 
ever, t h i s  te l ls  us e s s e n t i a l l y  n o t h i n g  abou t  t h e  r e l a t i v e  wear proper-  I 
t i e s  of t h e  two l i n i n g s ,  as can b e  s e e n  f o r  t h e  t o t a l  wear f i g u r e s  f o r  
t h e  tests i n c l u d e d  i n  Appendix H. A d i f f e r e n t  tes t  was therer 'ore  per- 
formed, i n  which t h e  wear was measured s e v e r a l  t imes ,  each a f t e r  a series 
of a p p l i c a t i o n s  a t  a number of s u c c e s s i v e l y  h i g h e r  temperatures .  Th i s  
t e s t  was d e s c r i b e d  i n  Sec t ion  3.3.2.1. R e s u l t s  of t h e  wear measurements 
a r e  given i n  Appendix I. P l o t s  of weight  wear and average t h i c k n e s s  wear 
a s  a f u n c t i o n  o f  temperature  are shown i n  F igures  4-32 and 4-33 f o r  t h e  
d 
s t a n d a r d  and exper imental  l i n i d g s ,  r e s p e c t i v e l y .  The s t a n d a r d  pr imary i 
-4 
was a g a i n  used i n  combination wi th  b o t h  s t a n d a r d  and exper imental  second- 
a r i e s .  The expe l imenta l  secondary was of t h e  "segmented" f a b r i c a t i o n  1 
. 
type,  a s  d e s c r i b e d  i n  S e c t i o n  3.2.2.2. 
These graphs i l l u s t r a t e  t h a t  t h e  same k i n d  of in fo rmat ion  4 
1 can b e  o b t a i n e d  from e i t h e r  t h e  weight o r  t h e  t h i c k n e s s  measurements. i i 
Note t h a t  t h e  wear of t h e  secondary l i n i n g  i s  h i g h e r  thar: t h a t  of t h e  4 
primary,  even though t h e  primary l i n i n g  wear was an o r d e r  of magnitude 
, h i g h e r  than  t h a t  o f  t h e  secondary i n  sample dynamometer tests. Xowever, 
I 1
i t  must b e  r e c a l l e d  t h a t ,  i n  t h e  sample dynamometer t h e  same l o a d  w a s  i 9 
a p p l i e d  i n  a l l  tests. But i n  t h e  f u l l - s c a l e  drum system, t h e  Duo-Servo 1 1 
p r i n c i p l e  comes i n t o  p l a y ,  a s  d e s c r i b e d  i n  S e c t i o n  2, and t h e  secondary i 
l i n i n g  is  t h e  one t h a t  does most o f  t h e  work and t h u s  h a s  t h e  g r e a t e r  
wear. This i s  why t h e  d e c i s i o n  was made e a r l y  i n  t h e  program t o  con- 
. / 
I 'i 
.I  
cen t  rate o u r  experiments on t h e  secondary l i n i n g .  
J 8  ' 
Average s u s t a i n e d  l i n e  p r e s s u r e s  are p l o t t e d  a s  a f u n c t i o n  
o f  t empera tu re  i n  F igure  4-34. L i n e  p r e s s u r e s  are i n v e r s e l y  r e l a t e d  t o  
t h e  f r i c t i o n ,  i .e. ,  a low l i n e  p r e s s u r e  i n d i c a t e s  good f r i c t i o n .  S ince  
1 
t h e  effect of  bo th  t h e  primary and secondary l i n i n g s  i s  involved,  i t  
I 
is  no t  p a s s i b l e  t o  c a l c u l a t e  a c o e f f i c i e n t  o f  f r i c t i o n  from t h e  l i n e  
4 .  
p r e s s u r e .  Both sets of l i n i n g s  have -ve.;y s i m i l a r  behav ior .  The s t a n d a r d  
. 
'i 
- -- 
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I i 
1 has  s l i g h t l y  b e t t e r  low-temperature f r i c t i o n ,  and t h e  experimental. i s  i 
I 
I 
s l i g h t l y  b e t t e r  a t  h i g h e r  temperature .  An i n d i c a t i o n  o f  f r i c t i o n  be- I 
h& - o r  w i t h i n  a s t o p  can b e  o b t a i n e d  from t h e  p o i n t s  p l o t t e d  on each 
I t 
1 s i d e  o f  t h e  c e n t r a l  one a t  each temperature ,  which r e p r e s e n t  average 1 
I Z 
! i n i t i a l  and f i n a l  p r e s s u r e s  a t  t h a t  temperature .  F r i c t i o n  seems t o  be  ' 1 I 
i higher  a t  t h e  beg inn ing  and end of t h e  s t o p  a t  250 and 350°F (121 and 177OC), b u t  i s  q u i t e  c o n s t a n t  through t h e  s t o p  a t  450 and 550°F (232 
- 1  j 
1 and  288OC) . Standard  and exper imental  behave a l i k e .  ..=A 
I 1 L1 
I Comparison of t h e  wear o f  t h e  s t a n d a r d  and exper imenta l  
l i n i n g s  i s  shown on a cumulat ive  b a s i s  i n  F i g u r e  4-35, and on a n  i n c r e -  
j 
I i + 
I 
I mental  b a s i s  in F iguse  4-36. Focusing on t h e  a l l - i m p o r t a n t  secsndary ,  
1 we f i n d  t h a t  t h e r e  i s  v e r y  l i t t l e  d i f f e r e n c e  between t h e  two l i n i n g s  d 1 
i 
I 
I up t o  450°F (232OC) : w i t h  t h e  s t a n d a r d  hav ing  a minute p o s s i b l e  advan- 
I i 
i tage. At  h i g h e r  temperatures  t h e  e x p e r i v e n t a l  seems t o  show a d e f i n i t e  I ! improvement over  t h e  s t a n d a r d  of t h e  o r d e r  o f  30%. It i s  i n t e r e s t i n g  
I i 
I t o  n o t e  t h a t  t h i s  behav ior  i s  p a r a l l e l e d  e x a c t l y  by t h e  corresponding b 
I 
I 
p r i m a r i e s ,  though t h e  fo rmula t ion  was t h e  same i n  both  c a s e s .  This  
I t e s t  s u g g e s t s ,  t h e n  t h a t  t h e  exper imenta l  secondary l i n i n g  a t  h i g h  tem-  ! 
I 
I p e r a t u r e  h a s  s u p e r i o r  wear r e s i s t a n c e  t o  t h a t  o f  t h e  s t a n d a r d ,  and i t  
I 1 
1 i s  even capab le  o f  removing some of t h e  l o a d  from t h e  pr imary,  so t h a t  
i t h e  wear  of t h e  p a i r  i s  improved i n  a p a r a l l e l  f ash ion .  Th is  i s  t h e  
I I r e s u l t  of  a s i n g l e  test,  however, and extreme c a u t i o n  must b e  excer-  
i 
I 
*! 
s i e d  i n  r e a c h i n g  a d e f i n i t i v e  conc lus ion  r e g a r d i n g  t h e  a c t u a l  improve- 
I ; ment b e f o r e  t h e s e  r e s u l t s  a r c  confirmed. (Another rest , similar t o  t h e  
I I 
i one j u s t  desc r ibed ,  was performed on a s e t  o f  similar b u t  n o t  i d e n t i c a l  I 1 
I I 
1 d l i n i n g s  ; r e s u l t s  of t h i s  t e s t  are inc luded  i n  Appendix I.) 1 
i $1 4.2.8 Summary o f  R e s u l t s  w i t h  Potass ium T i t a n a t e  F i b e r  1 {*! 1 
I 
I To r e c a p i t u l a t e  t h i s  s e c t i o n ,  we have found t h a t  p a r t i a l  
I i 
! . s u b s t i t u t i o n  o f  po tass ium t i t a n a t e  f i b e r  f o r  a s b e s t o s ,  t o g e t h e r  wi th  a i I 
I r e s i n  ad jus tment ,  can a l low t h e  f a b r i c a t i o n  o f  a secondary l i n i n g  j 
I >  m a t e r i a l  w i t h  improved h i g h  temperature  f r i c t i o n  and wear. The formula- I 
1 J 1 
I t i o n  i n  which r e s i n  has  been i n c r e a s e d  by 40%, and i n  which one h a l f  o f  
4 
I t h e  o r i g i n a l  a s b e s t o s  h a s  been rep laced  appears  t o  b e  n e a r  an optimum 2 I 
I 

I i  and w a s  t e s t e d  on a f u l l - s c a l e  i n e r t i a l  dynamometer. Advantages were 
found i n  f r i c t i o n  s t a b i l i t y  and i n  speed s p r e a d ,  enhancing t h e  l i n i n g ' s  I I 1 1 
a b i l i t y  t o  a-llow a system t o  meet t h e  requirements  of PWSS 105-75. A 
I I c l e a r  advantage i n  wear r e s i s t a n c e  i n  f u l l - s c a l e  tests h a s  n o t  been es- I I 
t a b l i s h e d ,  b u t  an improvement o f  about  30% a t  h i g h  t empera tu res  is  
i n d i c a t e d .  
4.3 POLYPHENYLENE SUBSTITUTION 
I I 4.3.1 T o t a l  S u b s t i t u t i o n  o f  Cured Polyphenylenes f o r  Cashew c.+= 4 1 F r i c t i o n  P a r t i c l e s  i i 
I j Wear and f r i c t i o n  curves  f o r  t h e  s c r e e n i n g  of samples based  J 1 on t o t a l  s u b s t i t u t i o n  o f  cashew f r i c t i o n  p a r t i c l e s  w i t h  polyphenylene are I - $ 
I I 
4 ) I  shown i n  F igure  4-37. Note t h a t  many of t h e  curves  do n o t  span t h e  e n t i r e  3 
i I temperature  range:  t h i s  i n d i c a t e s  complete o r  p a r t i a l  a b o r t i o n  o f  a t e s t  
I I 
i 
i 
I due t o  extremely low f r i c t i o n  ob ta ined  wi th  t h e  samples i n  ques t ion .  I n  
4 
those  i n s t a n c e s ,  wear f i g u r e s  could  n o t  b e  ob ta ined  a t  a l l ,  whi le  t h e  1 
1 
I 1 v a l u e s  f o r  f r i c t i o n  c o e f f i c i e n t  a r e  estimate(*. 
I i Of t h e  t h r e e  i n i t i a l l y  supp l ied  polyphenylenes ,  t h o s e  cured  
I B 
I 
I  
I a t  750°C and 1000°C a r e  unacceptable  when t h e y  r e p l a c e  t h e  cashe-: f r i c -  ! i 
I I 
i 
4 
I t i o n  d u s t  completely,  as shown i n  F i g u r e  4-37. The 650°C cured m a t e r i a l  1 
I I i s  s u p e r i o r  t o  the o t h e r  two, though i t  s t i l l  h a s  unacceptably  low f r i c t i o n .  
1 
i 
1 1 However, w e  observe a t r e n d  toward b e t t e r  f r i c t i o n  w i t h  
i d e c r e a s e  i n  t h e  c u r e  temperature  o f  t h e  polyphenylene.  These observa- 
1 I t i o n s  l e d  t o  t h e  b r i e f  i n v e s t i g a t i o n  of two means of improving t h e  f r i c -  t i o n  o f  t h e  f o r m u l a t i o n s ,  namely: ( a )  p a r t i a l  s u b s t i t u t i o n  of polypheny- t 1 1 l e n e  f n r  cashew p a r t i c l e s ,  and (b) u s e  of polyphenylene t h a t  was n o t  ex- I 
I 
I 1 posed t o  t h e  high- temperature  cure .  
i 
4.3.2 P a r t i a l  Subs t i t u t i o n  and Uncured Yolyphenylene S u b s t i t u t i o n  
1 
The fo rmula t ions  under d i s c u s s i o n  are summarized i n  Table  4-6 
and r e s u l t s  are shown i n  F igures  4-38 t o  4-42. S t l ~ s t i t u r i o n  a t  t h e  50% 
I and 10% l e v e l ,  F igures  4-38 t o  4-49 c l e a r l y  i l l u s t r a t e  t h e  f a c t  t h a t  
1 e a r l i e r  t ~ e n d s  a r e  mainta ined,  w i t h  r e s p e c t  t o  c u r e  temperature ,  w i t h  I 
I I uncured polyphnylene g i v i n g  t h e  h i g h e s t  o v e r a l l  f r i c t i o n .  1 
1 I , 
L 1 
1 ,  
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At 50% s u ' o s t i t u t i o n  o f  polyphenylene f o r  cashew f r i c t i o n  
p a r t i c l e  (F igure  4-38) , t h e  a d d i t i o n  of polyphenylenes t h a t  have been 
cured a t  temperatures  of 6502@ (1202°F) or h i g h e r  hail r e s u l t e d  i n  ex- 
ceed ing ly  low f r i c t i o n  a t  t empera tu res  i n  t h e  r e g i o n  o f  5 5 0 " ~  (288°C). 
For t h e  sample wi th  uncured polyphenylene,  however, the f r i c t i o n  c o e f f i -  t - 
c i e n t  d i d  n o t  f a l l  below 0.22. Comparison o f  t h e  curves  i n  F i g u r e  4-38 I 
I 
and 4-39 shows i n  a d d i t i o n  t h a t ,  as polyphenylene is  taken o u t ,  t h e  
proper tLes  of t h e  f r i c t i o n  m a t e r a i l  improve and t end  toward t h o s e  of 1 
-.-I/ 
t h e  s t a n d a r d  secondary l i n i n g .  I 
It was observed t h a t  many of  t h e  f r i c t i o n  curves  h a d  a 
c h a r a c t e r i s t i c  d ip ,  e.g. ,  450-550°F (232-288°C) f o r  polyphenylene cured - .z 
a t  650°C, fol lowed by a recovery i n  f r i c t i o n  above 550°F (288OC). I t  
was deemed possj.ble t h a t  this was due t o  t h e  exudat ion of a subs tance  
from t h e  composite, between 450 and 550°F (232-288°C) t h a t  a c t s  as a 
l u b r i c a n t .  Above 550°F (228°C) , t h e  exuded subs tance  i s  e i t h e r  removed 
o r  a l t e r e d  s u f f i c i e n t l y  t o  a l low a r e t u r n  t o  a h i g h e r  f r i c t i o n  l e v e l .  
This r e a s o n i n g  sugges ted  f u r t h e r  t h a t ,  if a sample were s u b j e c t e d  t o  
a second dynamometer t e s t  a f t e r  t h e  f i r s t ,  t h a t  i t  might show h i g h e r  
f r i c t i o n  l e v e l s .  R e s u l t s  of two such tests are shown i n  F igures  4-40 
and 4-41, i n  which curves 59 and 60 a r e  f o r  r e p e a t e d  sample dynamometer 
t e s t s  of samples 49 and 50, r e s p e c t i v e l y .  Both i n d i c a t e  improved f r i c -  
t i o n  above 400 OF (204°C) , s u p p o r t i n g  t h e  above reason ing ;  however, 1 
I t h e  wear of t h e s e  samples was t o t a l l y  unacceptable ,  e s p e c i a l l y  a t  low 
i 
1 temperatures .  I f  i t  were c o r r e c t  t h a t  f r i c t i o n  t e s t i n g  t o  b u l k  sample f 
tempcxature of about  550°F (288°C) reduced t h e  amount of a h y p o t h e t i c a l  
l u b r i c a n t ,  t h e n  t h e  l u b r i c a n t  shou ld  have been reduced o r  e l i m i n a t e d  
I I d u r i n g  t h e  h i g h  temperature  p ~ l y p h e n y l e n e  cure.  I\Teverthele:: s, composites 
\ 1 c o n t a i n i n g  polyphenylene t h a t  was cured at 650°C (1202°F) o r  h i g h e r  i 
e x h i b i t e d  extremely low h i g h  t empera tu re  f r i c t ~ o n ;  t h i s  lovr f r i c t i o n  
i I was e v i d e n t l y  c r e a t e d  by mechanisms o t h e r  than t h e  p resence  of a l u b r i c a n t .  
1 E a r l y  work i n  a scudy of t h e  e f f e c t i v e s  o f  c u r e  temperature  
I 
on cl!lorinared polyphenylene by L e r n e r  ( t h e  completed s t u d y  is r e p o r t e d  
: i n  Reference 4-6) , suggested t h a t  polyphenylene becomes i n c r e a s i n g l y  , 
rn 
I> 
i I 
5 
- -- 
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I 
i 
I s e n s i t i v e  t o  o x i d a t i o n  w i t h  i n c r e a s e d  c u r e  temperature .  This f a c t o r  3 
I I 
may account  f o r  t h e  reduced f r i c t i o n .  For t h i s  r e a s o n ,  a s i n g l e  sample 1 
was f a b r i c a t e d  (No. 30) which con ta ined  polyphenylene t h a t  had been 
cured a t  t h e  reduced polyphenylene c u r e  t empera tu re  o f  5 5 0 ' ~  (1022OF); 
I 
I - 
i 
t h i s  t empera tu re  should redl--2 o r  e l i m i n a t e  t h e  l u b r i c a n t ,  and may f u r -  
! t h e r  reduce o x i d a t i v e  s e a s i t i v i t y .  The test results from t h i s  sample 
a r e  given i n  F igure  4-40. It can b e  s e e n  t h a t  t h e  h i g h  temperature  
I 
1 - .1 
I f r i c t i o n  i s  s u b s t a n t i a l l y  h i g h e r  than f o r  sampl ?s c o n t a i n i n g  polyphenylene .. 4,3 1 
I 
! 
1 
I 
cured a t  650°C (1202OP). Note a l s o  t h a t  t h e  la t ter  sample con ta ined  less 
1 polyphenylene. However, i t  can b e  s e e n  t h a t  a h i g h  temperature  f r i c t i o n  2 
I 
I 
I dip  and recovery was ob ta ined ;  t h i s  is c h a r a c t e r i s t i c  o f  t h e  corresponding 
i 
--'% 
I 'i 
sample c o n t a i n i n g  uncured polyphenylene,  and t h i s  r e s u l t  t e n d s  t o  n e g a t e  i furt:her t h e  s u p p o s i t i o n  o f  t h e  presence o f  a l u b r i c a n t .  1 
I 1 
! At t h e  same t i m e ,  it was l e a r n e d  i n  work w i t h  t h e  polyphe- 
I 
I 
1 nylene  prepolymer t h a t  a smal l  q u a n t i t y  o f  an  u n i d e n t i f i e d  subs tance  
I 
f 
7 a 
was p r e s e n t  i n  t h e  prepolymer t h a t  w a s  s o l u b l e  in chloroform. (The 
prepolymer i s  n o t  s o l u b l e  i n  c h l o r o l ~ r m . )  A sample was f a b r i c a t e d  t h a t  
conta ined uncured polyphenylene t h a t  had been e x t r a c t e d  w i t h  chloroform 
u n t i l  no observab le  t r a c e  of t h e  subs tance  remained. The t e s t  r e s u l t s  
1 
, 
from t h i s  sample (No. 47) a r e  given i n  F igure  4-42. Once again .  t h e  
c h a . r a c t e r i s r i c  h igh temperature  f r i c t i o n  d i p  and recovery  a r e  p r e s e n t .  
I 
1 
A t  t h i s  t i m e  work w i t h  polyphenylene was d i scon t inued  s o  
t h a t  a g r e a t e r  p o r t i o n  of t h e  remaining e f f o r t  could  b e  devoted t o  work 
I 
with  potass ium t i t a n a t e  f i b e r .  The work w i t h  polyphenylene k a s  been,  
I 
1 
I at  b e s t ,  e x p l o r a t o r y  and incomplete.  The r e s u l t s ,  though n o t  promising,  
must b e  regarded  a s  inconc lus ive .  Should f u r t h e r  s t u d i e s  b e  a t tempted 
w:ith polyphenylenes of t h e  type  d i scussed  h e r e ,  it would s c e m  a d v i s a b l e  I ! 
i t o  work w i t h  m a t e r i a l s  cured a t  much lower t empera tu res ,  o f  t h e  o r d e r  of 
200-300°C r a t h e r  than 650-1000°C. This  is because  t h e  o x i d a t i o n  r e s i s t a n c e  
i i s  now known t o  b e  improved i n  t h e  lower t empera tu re  range,  a s  demonstrated 
by Z e r n e r  . (4-6) 
I 
I 
-- 
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4.4 POLYIMIDE RESIN SUBSTITUTION 
Experiments w i t h  t h e  r e s i n  b i n d e r  sys tem fo l lowed  t h e  same g e n e r a l  
procedure  a l r e a d y  o u t l i n e d ,  i n  which t o t a l  s u b s t i t u t i o n  i n  t h e  s t andard  
I 
formula was t r i e d  i n i t i a l l y .  Subsequent i n v e s t i g a t i o n ,  though n e c e s s a r i l y  I 
I b r i e f ,  i n c l u d e d  s u b s t i t u t i o n  of mix tures  of polyimides ,  polyimides and I - 
, phenol ic ,  as w e l l  a s  combinatians of r e s i n ,  f i b e r  and m o d i f i e r  s u b s t i t u t i o n s .  
1 E 
l 4.4.1 Cubsti tut5-on f o r  Resin Only 
When Maleimide 061 (M061) and Ma1eimi.de Type 074 (14074) re-  .. - 
placed  t h e  pheno l ic  r e s i n  i n  t h e  s t a n d a r d  secondary l i n i n g  completely,  
t h e  two r e s u l t i n g  samples gave f r i c t i o n  and wear curves  t h a t  were  com- I 
p a r a b l e  t o  t h o s e  of t h e  s t a n d a r d  l i n i n g ,  as shown i n  F igure  4-43. It - 
can b e  seen ,  however, t h a t  t h e  sample c o n t a i n i n g  M061 exper iences  a sharp  
I 
drop i n  f r i c t i o n  above 550°F (228OC). Furthermore,  i t  was observed t h a t  
8 
cured M074 was a b r i t t l e  m a t e r i a l  and t h a t  samples c o n t a i n i n g  pure  M074 I 
I 
as t h e  o n l y  b i n d e r  had a tendency t o  f r a c t u r e  and c h i p  e a s i l y .  Never- 
t h e l e s s ,  i t  was f e l t  t h a t  t h e  wear curves  f o r  t h e  two i n i t i a l  s c r e e n i n g  
samples were  s u f f i c i e n t l y  c l o s e  t o  t h a t  f o r  t h e  s t a n d a r d  t o  w a r r a n t  f u r -  1 
/ 
I t h e r  s t u d y  of t h e  p01yimi.de r e s i n s .  
S i n c e  t h e  composite m a t e r i a l  r e p r e s e n t s  such a complex 
, system, and s i n c e  we were n o t  p repared  t o  c a r r y  o u t  a d e t a i l e d  s t u d y  
I 
of t h e  i n t e r a c t i v e  e f f e c t s  of t h e  s e v e r a l  r e s i n s ,  w e  adopted an empiri-  1 
c a l  approach based on our  observa t ions .  L summary o f  t h e  samples thus  
I 
1 prepared  and s t u d i e d  can b e  found i n  Table  4-7. F i r s t ,  i n  a n  a t t empt  
I 
, t o  combine t h e  s u p e r i o r  thermal s t a b i l i t y  o f  M074 w i t h  t h e  b e t t e r  mech- 
I 
a n i c a l  p r o p e r t i e s  of cured M061, s e v e r a l  b lends  o f  t h e  two were  t e s t e d .  I 
The r e s u l t s  are shown i n  F igures  4-44 and 4-45. The b lend  c o n t a i n i n g  1 
1 ' s  1 1  3 p a r t s  of M061 e x h i b i t e d  bo th  poore r  f r i c t i o n  and wear (No. 1 7 ) ,  w h i l e  
I t h a t  wj.th 3 p a r t s  of M074 s t i l l  appeared q u i t e  promising (No. 1 8 ) ,  e s p e c i a l l y  i n  i t s  h igh  temperature  wear. But  a d u p l i c a t e  sample of t h e  
l a t t e r ,  w h i l e  s t i l l  comparable t o  t h e  s t a n d a r d ,  d i d  n o t  show enough 
1 
I improvement f o r  cont inued e v a l u a t i o n  a t  t h i s  s t a g e  i n  t h e  program. 
, 1 D i s c o n t i n u i t i e s  i n  t h e  wear curve  a l s o  show b r i t t l e n e s s  s t i l l  t o  b e  a 
I 1 
. I 1 
1 I 
i 
I?. 




I 
I 
One f i n a l  s e t  of samples was prepared, i n  which a l l  of the  
1 
i 
1 
conventional s tandard ingredien ts  were replaced by the  more thermally E 
s t a b l e  experimental or~es.  We w e r e  prompted t o  do t h i s  f o r  the  fol lowing 
1 
J. reason: our  e a r l i e r  i nves t iga t ions  had shown t h a t  (a) t h e  polyimide 
1 
I r e s i n s  had good thermal s t a b i l i t y ,  and (b) t he  composites containing 
polyimides c o d a  be processed and cured t o  have adequate s t rength .  The 
I l a c k  of success  i n  improving t h e  wear of f r i c t i o n  ma te r i a l s  containing 
I 
these  r e s i n s  may therefore  have been due t o  t h e  presence of o the r  organic  - .j i 
mate r i a l s  of lower thermal s t a b i l i t y ,  such a s  cashew f r i c t i o n  p a r t i c l e s  
I which d id  not  allow cur ing  above 420°F (216OC). Replacement of t h e s e  
1 
-i$ 
ingredien ts  by the more s t a b l e  experimental ones would allow curing of * 1 i 
the r e s i n  a t  the  p o t e n t i a l l y  more favorable  temperature of 482OF (2.50'~). 
The samples i d e n t i f i e d  as Nos. 37 t o  40 i n  Table 4-7 were i t 
f ab r i ca t ed  slid t e s t ed ;  t he   ompo position was based on the successfu l  50% 1 
s u b s t i t u t i o n  of potassium t i t ranate  f o r  asbes tos  and inc rease  of r e s i n  by 
40%. Organic modifiers were replaced by potassium t i t a n a t e  f i be r ,  while  i 
the cashew f r i c t i o n  p a r t i c l e ,  which a l s o  has  some of  t he  p rope r t i e s  of a 1 1 
phenolic  b inder ,  was replaced by polyimide r e s in .  F r i c t i o n  and wear 
r e s u l t s  a r e  shown i n  Figures 4-48 and 4-49, and can only b e  ca l l ed  ter- 
'1 
r i b l e .  Reasons f o r  t h e  poor wear and f r i c t i o n  a r e  unknown, b u t  w e  can 
specula te  t h a t  the mechanism is  pr+-'.ly n o t  a thermal one. The quan t i t y  
of binder  and modifier,  i t s  s t a t e  of cure,  mechanical s t r eng th  of t h e  
composite,and i t s  mic ros t ruc tu re , a l l  are a reas  f o r  p o t e n t i a l  f u r t h e r  work. 
This could form t h e  b a s i s  f o r  a fu tu re  ma te r i a l s  s tudy t h a t  would be  of 
g r e a t  va lue  t o  t he  development of new f r i c t i o n  mater ia l s .  W e  were unable 
pursue t h i s  l i n e  of i n v e s t i g a t i o n  because of the  l i m i t e d  scope of  t h e  
1 a 
I 
i 4 I. program, and discontinued f urth.er work, with polyimide r e s i n s  i n  favor  of more depth i n  t he  potassium t i t a n a t e  f i b e r  s tudy which w a s  descr ibed previously. 
I 
t 
. 
I t  
i I 
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SECTION 5 
CON CL US IONS i 
1 
A s  we now look back t o  eva lua te  t he  program and i t s  accomplish- 
ments, w e  f i n d  t h a t  c e r t a i n  aspec ts  of t h e  work a r e  r a t h e r  c lear-cut ,  i 
whi le  o the r s  w i l l  ::equire f u r t h e r  c l a r i f i c a t i o n .  Some of t he  problems 4 
were a n t i c i p a t e d  a t  t h e  incept ion  of t he  program, whi le  o t5ers  became \ 
.. rl 
appazent only a s  t h e  work progressed. I n  general ,  they were resolved, ., I 
s a t i s f a c t o r i l y  . 
The major f i nd ing  of t h i s  work was t h e  demonstration cf t h e  po ten- 
" - 
4: 
.s 
t i a l  of potassium t i t a n a t e  f i b e r  f o r  t h e  improvement of a  f r i c t i o n  mate- j 
r i a l  of t h e  secondary l i n i n g  type. For example, che maintenan,:e of a 1 
mean . f r ic t ion  l e v e l  of 0,35 between 450 and 650°F (232 and 343°C) becomes 
poss:Lble i n  t h e  presence of t h e  t i t a n a t e  f i b e r ,  as  opposed t o  a  value of i 
1 
0.30 i n  i t s  absence. This becomes even more s i g n i f i c a n t  i f  i r  i s  p o i ~ t e d  i 
8 
o u t  t h a t  the corresponding mean values a r e  0.33 and 0.25 i n  t h e  600 t o  $ ! 
650°F (316-343OC) range: fade can d e f i r ~ i t e l y  be im1:roved by incorpara- 
1 
t i o n  of potassium t i t a n a t e  f i b e r .  Wear improvement of the  order  of 30 
P 
t o  40% a l s o  becomes poss ib le  by proper adjustment of r e s i n  content  and ' 1  
J 
potassium t i t a n a t e  f i b e r  t o  asbestos  r a t i o .  Having been demonstrated, 1 
3 
t h i s  p r i n c i p l e  now remains t o  be explo i ted  f o r  general  app l i ca t i an  i n  t 
t h e  f r i c t i o n  ma te r i a l  indus t ry .  i 
Full-scale  t e s t i n g  a l s o  suggested t h a t  t h i s  formulation o f f e r s  the po- 
t e n t i a l  f o r  g rea t e r  f r i c t i o n  s t a b i l i t y  and l e s s  speed spread than t h e  
s tandard ,  and thus is  more favorable  f o r  meeting t h e  FMVSS 105-75 
Among t h e  quest ions t h a t  s t i l l  must be  examined, should t h i s  spe- 
5 
I c i f i c  l i n i n g  formulation be a candidate  f o r  development in  commercial I -! 
app l i ca t ions ,  a r e  those concerning i t s  behavior i n  a veh ic l e  test and 
i t s  l a r g e  s c a l e  manufacturabi l i ty .  F i r s t  of a l l ,  t h e  v2hic le  t e s t  would 
e s t a b l i s h  in a c t u a l  usage t h e  l i n i n g ' s  performance i n  a FMISS 105-75 .,id 
t e s t ;  i t  would a l s o  e s t a b l i s h  t h e  wear p a t t e r n  of t h e  l i n i n g  i n  a c t u a l  
usage such a s  the  indus t ry ' s  De t ro i t  o r  Los Angeles T r a f f i c  Tests .  I n  +: 
add i t l on  i t  would allow t h e  evaluat ion of t h e  e f f e c t  of potassium t i t a -  - e: 
n a t e  f i b e r  on drum wear and on t h e  more subjec t ive  b u t  c r u c i a l  require- 
ment of  minimal brake noise.  The l i n i n g  w i l l  not  b e  considered acceptable  
before i t  is e s t ab l i shed  t h a t  i t  s a t i s f a c t o r i l y  meets t he  above require-  
ments. A s  f o r  iizs manufacture, add i t i ona l  development i s  necessary;  
z 
e i t h e r  t h e  composition o r  t h e  processing o r  both may r e q u i r e  adjustment 
before  it can be f ab r i ca t ed  on a l a r g e  sca le .  This i s  p a r t  of t he  normal 
development process,  and it is not  poss ib le  a t  t h i s  time t o  p r e d i c t  what 
d i f f i c u l t i e s  may o r  may no t  b e  encountered. 
In t h e  program j u s t  completed, about e ighty p ieces  of f r i c t i o n  
ma te r i a l  were f ab r i ca t ed  and t e s t e d  i n  order  t o  eva lua te  t he  p rope r t i e s  , 
< 
imparted by th ree  types of experimental ingredien ts .  Potassium t i t a n a t e  I 
f i b e r  was found t o  improve high temperature f r i c t i o n  and t o  allow form- 
u l a t i o n  of  compositions wi th  improved high temperature wear. A b r i e f  
, but  sys temat ic  study discovered one formulation showing both improved 
f r i c t i o n  and wear r e l a t i v e  t o  t h e  s tandard l i n i n g .  PoLyphenylene was 
, 
1 
I ! found t o  cause a de t e r io ra t ion  i n  p rope r t i e s ,  while  polyimide r e s i n s  d i l  
,/" ' i no t  b r i n g  about any s i g n i f i c a n t  improvements when s u b s t i t u t e d  i n  a s tan-  dard commercial secondary l i n i n g  formulation. - 
I 
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I n g r e d i e n t  
Asbestos 
Resin  
Modif ier  
APPENDIX 13 
SAMPLE CALCULATION 
Volume 
P e r c e n t  
Densi ty  Weight p e r  
(g/cm3) 190  Volumes 
Weight 
P e r c e n t  
T h e o r e t i c a l  d e n s i t y  of f r i c t i o n  m a t e r i a l  = 1.825 g/cm3 
I n  o r d e r  t o  c a l c u l a t e  t h e  a c t u a l  q u a n t i t y  of each i n g r e d i e n t  needed, 
we must d e c i d e  how much f r i c t i o n  m a t e r i a l  w e  want t o  make. Suppose we 
1 
wish t o  make two pads ,  and t h a t  t h e  v o l u r ~ e  of each pad i s  50.0 cm3. If 
3 
we then  make enough mix t o  g i v e  1.05 cm , we w i l l  have a  5 p e r c e n t  s a f e t y  
I margin t o  a s s u r e  complete f i l l i n g  of t h e  mold, and f o r  p o s s i b l e  s m a l l  i 
1 
l o s s e s  d u r i n g  hand l ing .  2 
T o t a l  w e i g h t  r e q u i r e d  = 105 cm3 x 1.825 2 lcm3 = 191.6 g  f o r  two pads .  ! i 
The weight  of t ~ c h  i n g r e d i e n t  r e q u i r e d  i s :  1 
i 
i Weight T o t a l  Weight Weight of I n g r e d i e n t  i 
I n g r e d i e n t  P e r c e n t  X Required = To Make Two Pads 
- 
1 
? 
i 
I 
Asbestos  68.5 X 191.6g - i31.2g i - 
I P 
i 6 . 4  X 191.6  - 31.4 - $ 
l i. R e s i n  i S Modif ie r  1 5 . 1  X 191.6 - 29.0 - f 191.6 
r (checks) 
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APPENDIX C 
DESCRIPTION OF ATTEMPTS TO MANUFACTURF: FULL SCALE EWERIMENTLJ, 
LININGS OF OPTIWJM COMPOSITION BY CONVENTIONAL LARGE SCALE TECHNIQUES 
S p e c i f i c a t i o n s  f o r  f u l l - s c a l e  secondary l i n i n g s  were provided 
I I - 
t o  Bendix F r i c t i o n  M a t e r i a l s  i?i-vision, Troy,  NewYork, where a number 
of a t t e m p t s  were made t o  f a b r i c a t e  drum l i n i n g s  of t h e  b e s t  exper i -  i 
I menta l  formu,lat ion,  i .e . ,  formula Number 26, c o n t a i n i n g  40 p e r c e n t  
a d d i t i o n a l  r e s i n  and w i t h  one h a l f  of t h e  crsbestos r e p l a c e d  by ...a 
potass ium t i t a n a t e  f i b e r .  B l i s t e r i n g  problems were encountered 
r e p e a t e d l y ,  however, and p r o c e s s i n g  c o n d i t i o n s  had t o  b e  a d j u s t e d  +: 
. . I  I', 
u n t i l  a n  a c c e p t a b l e  a r c e d  l i n i n g  could  b e  made. F i n a l l y ,  w i t h  a 
I p r e s ~ i n g  temperature  of 3 3 0 ' ~  (166'~) and s e v e r a l  added pressure-  
r e l i e f  c y c l e s ,  a b a t c h  was p rocessed  s u c c e s s f u l ~ y ,  a l t h o u g h  some of  
4 t h e  l i n i n g s  s t i l l  had l a m i n a t i o n s .  S e v e r a l  "good" l i n i n g s  of t h i s  
I 
! ba tch  were  submit ted f o r  the  i n e r t i a l  dynamometer tests, b u t  now a 
8 
s t r e n g t h  problem became ev iden t :  when t h e  l i n i n g s  were  r i v e t e d  t o  j 
, 
t h e  shoes  i n  t h e  conven t iona l  way, p o r t i o n s  of t h e  m a t e r i a l  p u l l e d  
, 
I l o o s e  and d i d  n o t  a l low proper  f a s t e n i n g  04 t h e  l i n i n g  t o  t h e  shoe.  
I 
I A photograph of t h i s  phenomemon i s  shown i n  F igure  C-1. Even though 
I 
! 
t h e s e  l i n i n g s  could  n o t  b e  t e s t e d ,  i t  proved f e a s i b l e  t o  bond, r a t h e r  
1 
I than r i v e t ,  t h i s  m a t e r i a l  t o  a shoe .  Such a c o n f i g u r a t i o n  s u c c e s s f u l l p  
underwent a wear t e s t ,  which w i l l  b e  d i s c u s s e d  i n  Appendix I. 
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APPENDIX D 
INERTIA DYNAMOMETER BRAKE LINING WEAR TEST PROCEDURE 
(NEAR VERSUS TEMPERATURE) 
I - 
1. I n t r o d u c t i o n  - This  i n e r t i a  dynamometer b r a k e  l i n i n g  wear test 
procedure  i s  i n t e n d e d  t o  b e  used as a  p r e l i m i n a r y  s c r e e n i n g  f 
test. Under c o n t r o l l e d  l a b o r a t o r y  c o n d i t i o n s ,  i t  e n a b l e s  r e l a t i v e  
. -' 
comparisons t o  b e  made o f  t h e  d u r a b i l i t y  of b rake  l i n i n g s  under 
i n c r e a s i n g l y  s e v e r e  c o n d i t i o n s  of usage.  
+: 2. Equipment and I n s t r u m e n t a t i o n  
- V3 
2 . 1  Equipment 
2 .1 .1  An i n e r t i a  t y p e  b r a k e  dynamometer. 
2 .1 ,2  Means f o r  v a r y i n g  b rake  coo l ing .  
2.2 Ins t rument t i t ion  
. " 
2.2 .1  Required 
2.2.1.1 Means f o r  r e c o r d i n g  a p p l i c a t i o n  p r e s s u r e s .  
2.2.1.2 Means f o r  r e c o r d i n g  b r a k e  to rques .  
2,5.1.3 Means f o r  r e c o r d i n g  b r a k e  l i n i n g  temperatures .  
2.2.1.4 Means f o r  r e c o r d i n g  s h a f t  speed.  
I 
2.2.1.5 Cooling a i r  t e m ~ ) e r a t u r e  i n d i c a t o r s .  j 2.2.2 O p t i o n a l  I n s t r u m e n t a t i o n  
2 .2 .2 .1  Cooling a i r  v e l o c i t y  i n d i c a t o r s  
\ 
2.2.2.2 Drum o r  d i s c  t empera tu re  i n d i c a t i o n  and/or 
i 
r e c o r d i n g  equipment. i 
2.2'2.3 F l u i d  displacement  i n d i c a t o r s .  j 
I 2.2.2.4 Stopping t i m e  i n d i c a t o r .  
I 2.2 .2 .5  Revolu t ions  t o  s t o p  i n d i c a t o r  f o r  measurement I of  e q u i v a l e n t  s t o p p i n g  d i s t a n c e .  
2.3 System Accuracy 
1 2.3 .1  Accuracy of I n s t r u m e n t a t i o n  
J 
a 2 - 3 - 1 - 1  The o v e r a l l  system accuracy f o r  a l l  recordi l lg  l 
-1 o r  i n d i c a t i n g  i n s t r u m e n t s  s h a l l  be 9. 2% of 
- 
f u l l  s c a l e  o r  b e t t e r .  
t, 
I 
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i 
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2.3.2 Control Parameter Accuracy i 1 
2.3.2.1 Pressures ,  Torques and Temperaturas s h a l l  be  i 
maintained wi th in  + 5% of t h e  des i red  value.  j 
2.3.2.2 Speed s h a l l  be  maintained w i t h i n ?  2% of t h e  
' 1 
1 
des i red  va lue .  ,* ,1 
2.3.2.3 Tes t  moment of i n e r t i a  shall. b e  wi th in  - + 20 f t ,  1 
- l b .  - sec2 (+ - 27 l?m2) of va lue  ca lcu la ted  ' 1  ;j 
from item 3 . 7 .  1 
3 .  Tes t  Prepara t ion  and I n s t a l l a t i o n  .. 1. ! 
3 . 1  F r i c t i o n  Mater ia l  Prepara t ion  - Attach and f i n i s h  f r i c t i o n  
m a t e r i a l  per manufacturer 's  s p e c i f i c a t i o n s ,  un le s s  otherwise 
,--% - 1  
nated.  1 i 
3.1.1 I n i t i a l  Measurement: - Measure o v e r a l l  thickness  of 1 
l i n i n g s  a t  f ixed  r e fe rence  p o i n t s  per d a t a  shee t .  Use 
I 
ozre s h e e t  f o r  each brake. Weigh, to  nea re s t  gram, each 
shoe. and l i n i n g  assembly and record on d a t a  shee t .  
3.2 Thermocouples - I n s t a l l  plug type thermocouple i n  each brake 
I recessed approximately .040 i nch  (1 m) below t h e  rubbing 
sur fece .  A11 thermocouples a r e  t o  b e  located i n  t he  approxi- 
mate cen te r  of t h e  most heavi ly  loaded l i n i n g .  I n d i c a t e  exact  
l o c a t i o n  on d a t a  shee t .  
3 .3 Brake Drum Assembly - New drums should be used f o r  each t e s t .  
Surface f i n i s h ,  dimensional c h a r a c t e r i s t i c s  (with s p e c i a l  
emphasis on th ickness  va r i a t i o r \  and runout of rubbing sur face)  I 
t 
and m a t e r i a l  p rope r t i e s  t o  b e  i n  accordance wi th  manufacturer 's  
spec i f i ca t ions .  
1 3.3.1 Make and record t h e  necessary measurements f o r  wear 
I determinat ion using one d a t a  shee t  f o r  each drum. i I 3.4 Brakes t o  be prepzred i n  accordance wi th  manufacturer 's  
spec i f i ca t ions .  Adjust brakes t o  manufacturer 's  spee i f i -  
i 1 3 
c a t i ons  where appl icable .  
I 3.5 Brake Mounting - To b e  nounted e s s e n t i a l l y  a s  i n  s e rv i ce .  3.6 A.pplic2tion System - S h a l l  i nco rpora t e  a l l  necessary components 
t o  s imula te  t h e  veh ic l e  system being t e s t ed .  
. 
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3.7 T e s t  nloment of i n e r t i a  - c a l c u l a t e  monent of i n e r t i a  r e q u i r e d  
as fo l lows :  
2 W e r e  I = Mom~nt of i n e r t i a  : r e q u i r e d  i n  f  t . -1b. -sec. (Nm ) 
B = T o t a l  v e h i c l e  t e s t  weight  ( l b s . )  (8). 
r = E f f e c t i v e  r a d i u s  of t i re  i n  f e e t .  (m) 
I _.? 
5280 
I 
I 
-L- = 1000 
-eet = - 2~r x wheel revlmlle meters ST x wheel revlkm 
I 
I 
1 g = 32.2 FPSPS. (9.80665 m PSPS) +i = e! 
! 
I N = F r a c t i o n  of t o t a l  v e h i c l e  b r a k e  t o r q u e  t h e  
b r s k e  being t e s t e d  produced on t h e  v e h i c l e  
I 
I b e i n g  s'mulated . 
! 
3.8 T e s t  RPM - A s  r e q u i r e d  t o  s i m u l a t e  s p e c i f i e d  t e s t  speeds .  
C a l c u l a t e  RPM a s  fo l lows :  1 
RPM = 14.02 x  MF'H, o r  RPM = T i r e  r e v s .  pe r  m i l e  x MPH RPM = 2.65xkm P e r  h r .  
r 6  0 r meters 
where r = e f f e c t i v e  t i r e  r a d i u s  i n  f e e t  (m). 
3 .9  T e s t  D e c e l e r a t i o n  - A l l  c o n t r o l  d e c e l e r a t i o n s  s h a l l  be  conver ted 
I i i t o  t o r q u e  f u r  dynamometer s e t n n g s  by t h e  fo l lowing  formcla:  1 1 
X = W x r x a x N  
g  
1 
where T  = T o t a l  t o r q u e  r e q u i r e d  i n  f o o t - l b s .  (bin) ( f o r  b rakes  be ing  
t e s t e d ) ,  a = c o n t r o l  d e c e l e r a t i o n  i n  f e e t  p e r  second p e r  second 
2  i (m/sec 1,. W,r,g,l? from 3 . 7 .  i 
I 
3 .10 Dynamometer l o a d i n g ,  speed and d e c e l e r a t i o n  race t o  be chosen s o  as 
I I '8 J 1 t o  s i m u l a t e  c o n d i t i o n s  f o r  t h e  loaded v e h i c l e  f o r  which b rake  i s  
I P4 designed.  3 . 1 1  Log s h e e t s  must be  mainta ined by t h e  machine o p e r a t o r  t o  r e c o r d  
t h e  d a t a  r e q u i r e d  by t h e  procedure .  Log s h e e t s  must a l s o  n o t e  
a t  a l l  t i m e s  dur ing  t h e  t e s t  such  f e a t u r e s  a s  roughness ,  b r a k e  ! 
f n o i s e  and o t h e r  p e c u l i a r i t i e s  of performance such a s  odor,  smoke, e t c .  4 
. 
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4.  D e f i n i t i o n s  
4 . 1  T e s t  Notes 
4 .1 .1  " I n i t i a l  b rake  temperature"  i s  d e f i n e d  as immediately 
I b e f o r e  s t o p ,  b rake  o f f .  , 
4.1.2 I f  b rakes  r e q u i r e  warming t o  r e a c h  s p e c i f i e d  i n i t i a l  
I 
I temperature ,  u s e  b u r n i s h  procedure  and s h o r t e n  i n t e r v a l s  
i f  necessa ry .  1 -  
, 4 . 1 .3  Hydraul ic  p r e s s u r e  i n p u t  m u ~ t  b e  c o n t r o l l e d  f o r  a l l  phases I 
I 
of t h e  procedure a t  a n  800 t o  1200 p s i  i n c r e a s e  p e r  
second. Record a c t u a l  rate of p r e s s u r e  rise. ". , 
I 4.1.4 "Stop Time" i s  d e f i n e d  as commencing upon reach ing  100 
1 
p s i  h y d r a c l i c  p r e s s u r e  and ending a t  ze ro  to rque .  
*-z 
5. T e s t  Procedure  - r- 
5 . 1  P r i o r  t o  measuring and wei-ghing, t h e  shoe and l i n i n g  assembl ies  
should  b e  c leaned o f f  w i t h  a stiff non-metal l ic  b r i s t l e  b rush .  
L in ing  measurements should  b e  recorded on a t t achment  I1 i n  t h e  
i 
a p p r o p r i a t e  l o c a t i o n .  Weigh each l i n i n g  assembly u s i n g  a gram 
s c a l e  t o  t h e  hundredth  and round o f f  t o  t h e  n e a r e s t  t e n t h .  
Care must b e  e x e r c i s e d  n o t  t o  contaminate  l i n i n g  d u r i n g  measure- 
ment and weighing handl ing.  
5.2 Cooling air  dur ing  a l l  s t o p s  s h a l l  b e  room ambient ob ta ined  by 
i 
1 I u s i n g  on ly  dyno exhaust  f o r  system. Run 100 b u r n i s h  s t o p s  a s  
f o l l o w s  : ,! 
5.2.3. S?-op Speed - 40-0 MPH 
I 2 
5 .2 .2  Stop D e c e l e r a t i o n  - 1 2  f e e t  p e r  s e c  . 
0 5.2 .3  Stop I n t e r v a l  - A s  r e q u i r e d  t o  m a i n t a i n  250 F i n i t i a l  I ? 
I 
b r a k e  drum temperature .  I 
I j 5.2.4 Cooliilg Speed - 40 3PH 
, $ 5 .2 .5  Dwell A f t e r  Stop - Not t o  exceed 20 seconds .  Resume 1 
I 
c o o l i n g  speed a s  soon as p o s s i b l e .  
a? 
5.2 .6  I n s p e c t i o n  , 
5 . 3  Measure and weigh shoe and l i n i n g  assembl ies  a f t e r  b rush ing  o f f  
1 I 
1 d u s t .  
5.4 Run 300 s t o g e  from 50 t o  0 MPH a t  1 2  f t / s e c 2  d e c e l l  w i t h  a d 
I s t a r t i n g  r o t o r  temperature  o f  250°F. Record d a t a  on ly  on  t h e  
1, 50, 100, e t c .  s t o p s  u s i n g  a s u i t a b l e  r e c o r d  s h e e t .  i i 1; J 
D-4 
/- 
5.5 Repeat paragraphs 5.3 and 5.4  for 350°~, 450'9, and 550'~. 
5.6 Repeat paragraph 5.4 at 250°F after completion of the 300 
stops at 550'~. 
6. Data Reduction 
APPENDIX E 
DYNAMOMETER EROCEDURE: FMVSS 105-75 SIMULATION 
1. Ten S top  I n s t r u m e n t a t i o n  Check 
Make 1 0  s t o p s  from 30 WH (48 kmlh) a t  0.31g d e c e l e r a t i o n  t o  
check i n s t r u m e n t a t i o n .  Do n o t  exceed 2 5 0 ' ~  (121 '~)  d i s c  
temperature .  
I 2. F i r s t  (Pre-Burnish) E f f e c t i v e n e s s  
I 30 MPH (48 kmlh) - Make one s t o p  each a t  0.3g,  0.5g, 0.7g, 0.8g, .. '- 
0.9g and 1 .0g d e c e l e r a t i o n .  
I 
60 MPH (97 kmlh) - Make one s t o p  each a t  0.3g,  0.5g, 0.7g, 0.8g,  
I 
I +; 
- Se 0.9g and 1.0g d e c e l e r a t i o n .  
3,  Burnish  
Make 200 s t o p s  from 40 MPH (64 k~n/h) a t  0.38g d e c e l e r a t i o n  f o r  
I 
I v e h i c l e s  l e s s  t h a n  o r  e q u a l  t o  10,000 l b s .  (4540 kg) GVWR. 
I Cont ro l  t o  2 5 0 ' ~  ( 1 2 1 " ~ )  IBT. 
4. Second E f f e c t i v e n e s s  
I 
30 MPH (48 kmlh) - Make one s t o p  each a t  0.3g,  0.5g, 0.7g, 
I 0.8g, 0.9g, and 1.0g d e c e l e r a t i o n .  
I 60 MPH (97kmlh) - Make one s t o p  each a t  0 .3g,  0.5g, 0.7g, i 
@.8g,  C.9g and L.Og d e c e l e r a t i o n .  
I 80 MPH (129 km/h) - Make one s t o p  each a t  0 .3g,  0.5g, 0.7g 1 
I 
and 0.8g d e c e l e r a t i o n .  
I (Run o n l y  i f  v e h i c l e  i s  capab le  of a t t a i n i n g  84 MPH (135 km/h) 
I 
I i n  two m i l e s  (3.2km) and h a s  a GVWR l e s s  t h a n  o r  e q u a l  t o  10,000 2 1 
l b s  . (4540 kg) . ) i 
I 
f 
5. F i r s t  Reburnish 
1 I d 
I 1 i! Same as I tem 3,  excep t  make 35 s t o p s  i n s t e a d  of 200. I ! ; 6. Th i rd  E f f e c t i v e n e s s  - 60 MPH (97 km/h) L i g h t  Load Change wheel l o s d  t o  755 l b s  (343 kg) .  Make one s t o p  each 
I a t  0.3g, 0.5g, 0.7g,  0.8g, 0.9g and 1 .0g from a speed of 
I 60 MPH (97 kmlh). 1 
I 7. P a r t i a l  System F a i l d r e  - L i g h t  Load 
I i 
I Change wheel l o a d  t o  1443 l b s .  (655 kg) .  Make one s t o p  each 
I 1 
a t  O.lg,  0.2g, 0.3g and 0.4g from a speed of 60 KpH (97 kmlh). 
1, 
i 
I E-1 
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8. P a r t i a l  System F a i l u r e  - GVWR 
Change wheel load t o  1643 l b s .  (746 kg).  Repeat I t e m  7. 
I 
I 9. Inope ra t i ve  Power 
I 
I Change wheel l oad  t o  980 l b s  (445 kg). Repeat Item 7. 
10. F i r s t  Fade and Recovery 
Check Stops - Make 3 check s t o p s  from 30 MPN (48 h / h )  a t  
0 . 3 i  g dece l e r a t i on  f o r  veh i c l e s  less than o r  equa l  t o  j 
10,000 l b s .  (4540 kg) GVWR. 
Fade - For v e h i c l e s  less than o r  equa l  t o  10,000 l b s .  (4540 kg) 
I GVWR, make 10  s t o p s  rrom 60 MPH (97 km/h) a t  0.47g, s t a r t i n g  
I 
I t h e  f i r s t  s t op  a t  1 5 0 ' ~  (66O~)  IBT. (Use p re s su re  l i m i t i n g  
i - 
I s o  a s  noe t o  exceed a p re s su re  equiva len t  t o  150 l b s .  (667N) 
I 
I peda l  f o r c e  f o r  t h e  brake system under test.) Time i n t e r v a l  
I between s t o p s  i s  t o  be  36 seconds. 
! Recovery - For v e h i c l e s  less t h a t  o r  equal  t o  10,000 l b s .  
I 
I (4540 kg) GVWR, make 5 s t o p s  from 30 MPH (48 km/h) a t  0.31g I 
i 
! dece l e r a t i on .  S t a r t  t h e  f i r s t  s t op  2 minutes a f t e r  t h e  l a s t  
I f a d e  s top ,  and make t h e  remaining s tops  a t  2 minute i n t e r v a l s .  
I 
, 11. Second Reburnish 
I 
Repeat Item 5. 
I 
12 .  Second Fade and Recovery I 
s 
Repeat Item 10, except make 1 5  f a d e  s t o p s  i n s t e a d  of 1 0  s tops .  ; 
15. Spike Stops 
Make 10 s t o p s  from 30 MPH (48 km/h) a t  1.0g dece l e r a t i on ,  wi th  
a minimum p re s su re  r ise r a t e  equ iva l en t  to a peda l  f o r c e  rise 
4 
r a t e  of 2500 l b s / s e c .  (1.11 X 1 0  Nlsec.) ,  and from a ~ 5 0 ' ~  
(66'~) IBT. 
Spike Ef fec t iveness  Check 
60 MPH (97 kmlh) - Make one s t o p  each a t  0.3g, 0.5g, 0.7g, 0.8g, 
0.9g and 1.0g dece l e r a t i on .  
Data Reduction 
APPENDIX F 
SUBSTITUTION OF EDERIMENTAL INGREDIENTS 
I M  7HE STANDARD PRIMARY LINING 
I - 
E v a l u a t i o n  o f  t h e  exper imenta l  i n g r e d i e n t s  i n  t h e  primary l i n i n g  
i s  shown i n  F i g u r e  F-1 f o r  t h e  polyimide b i n d e r  and F i g u r e  F-2 f o r  poly- i 
phenylene,  . R e c a l l  t h a t  replacement o f  a s b e s t o s  w i t h  potass ium t i t a n a t e  
f i b e r  c o u l d  n o t  b e  accomplished because  t h e  formula was n o t  p rocessab le .  
Of t h e  two r e s i n s ,  t h e  sample w i t h  Maleimide 061 performs consid- 
e r a b l y  b e t t e r  t h a n  t h a t  w i t h  Maleimide 074, a l though  t h e  former s u f f e r s  
" -? 
4 l o s s  of f r i c t i o n  between 450 and 600'7 (232-316"C), r e l a t i v e  t o  t h e  s t a n -  
dard. As f o r  t h e  po;yphenylenes, a s e v e r e  l o s s  i n  f r i c t i o n  i s  observed 
f o r  a l l  t h r e e  types  up t o  450°F (232OC), where t h e  sample w i t h  t h e  1000°C 
c a r e  h a s  f r i c t i o n  comparable t o  t h e  s t a n d a r d ,  up t o  600°F ( 3 1 6 ' ~ ) .  The 
wear of t h e  two samples w i t h  t h e  h i g h e r  c u r v e s  i s  comparable t o  t h a t  of 
t h e  s t a n d a r d ,  b u t  cannot b e  considered s u p e r i o r .  
On t h e  b a s i s  o f  t h e s e  r e s u l t s ,  and because  o f  t h e  p a r t i c u l a r  re- 
': quirements  o f  pr imary l i n i n g s  - they must have h i g h  f r i c t i o n  b u t  c a n  
t o l e r a t e  moderate ly  h i g h  wear - i t  was decided t o  c o n c e n t r a t e  on improve- 
ment of t h e  secondary l i n i n g  dur ing  t h e  n e x t  phase  o f  t h e  sc reen ing .  I f  
an  improved secondary l i n i n g  could  b e  formulated,  i t  was thought p o s s i b l e  
t o  f i n d  a compat ibie  pr imary 1-ining from among e x i s t i n g  formulas.  
I r 
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APPENDIX G 
FRICTION LYD WEAR VS. TEMPERATURE - 
MEW BASELINE MATERIM, 
1 Resul t s  of sample dynamometer t e a t s  a r e  presented i n  Figures  G-1  I 
t o  G-6. i n  Figure G-1, t h e  new base l ine  i s  compared t o  t h e  commercial i 
standard.  It i s  somewhat on t h e  high s i d e  i n  wear, bu t  i s  wi th in  t h e  ' 1  
observed v a r i a t i o n  in .  f r i c t i o n  (compare Figure 4-2). The effec' t  of 11 
I increas ing  t h e  r e s i n  wi thout  ablding potassium t i t a n a t e  f i b e r  i s  .. - 4  
i l l u s t r a t e d  i n  Figure G-2. A,? 1 t h r ee  ma te r i a l s  behave q u i t e  s imi l a r ly ,  
- '1 
with b e t t e r  wear than t h e  star,  r d ,  b u t  with a d e f i n i t e  i n d i c a t i o n  of I 
I + 
I l o s s  of h igh  temperature f r i c t l o n  with 60% added r e s i n .  The r e s t  of 
i 
" T 
the  graphs through Figure G - 6  show d e f i n i t e  t rends  toward improved wear 
I 
I 
I 
r e s i s t a n c e  a s  t h e  r e s i n  i s  increased up t o  60%, a s  we l l  a s  a n  improve- 1 1 
I i 
ment i n  high temperature f r i c t i o n  a s  up t o  60% of t h e  asbes tos  is I 
1 1 
1 replaced by potassium t i t a n a t e  f i b e r .  I 
1 1 
2 




I 
t 
I 
I 
, 
I 
I 
-- - 4I 0.50 - 1 Z 0 / I 0.40 0 i - 0 \K 4 3 LL . . =--i !? LL -2 - . . < 0 E. i i I . . 0.30 - 
I .. I 
iz \. i -1 
I 
,_l 
0 
020 - 
?. 
r 
- *  
W ? 
i 
I 0 
I .  
0 
1 
..,d 
- d 
2 : 0.10 - * 
, 
I 
I * I I I I I * -  
I i 4 I 
I 
1 
1 
- - ' NO. 123 - 40% REPLACEMENT 
. . . . . . . . . i NO. 122 - 50% REPLACEMENT 
8.0 - X-X- I\iO. 124 --60% REPLACEMENT I 
i 
 1 NO. 138 - 60% REPLACEMENT 
- 
I 
f 
V) EFFECT OF PARTIAL REPLACEMENT OF J 
I c 
z ASBESTOS WITH POTASSIUM TITANATE 
I 3 
1 
FIBER AT 140% RESIN LEVEL 
I > 
1 
I K 6.0 - 
I a 
I 
I 
K 
t 
m 
K 
c: 
I 
-
, a 
u 
1 4.0 - 
I W 
A 
I i 4 i - ,  
V) 
.. 
'r . 1 
2.0 - 
I 
1 
1 
j 
I :  
I !  5 
/ I 
t L  2 
I 
In 
/ t 
I I I 
- 
I 
-
2 
250 350 450 550 650 O F  
; i 
1 1  I I I I 
I + 
I 
100 200 300 O c 
TErblPERATURE 
, Figure G-5 
I I 
- - 
G-6 
I - - - - - -  
.r - - 
/- 
- - -  
k - 







I 
1 APPENDIX '1: 
RESULTS OF EVLL-SCALE DYNWMETER WEAR VS. 
- 
I TEMPERATURE TEST FOR SEGMENTED LINING AND 
I FOR EXPERIMENTAL FACTORY-WADE LINING 
' I  
- I Tables 1-1 and 1-2 a r e  t h e  results of wear measurements from which 
i 
t h e  p l o t s  i n  Figures 4-32 t o  4-36 were made. ... '-4 
I n  add i t i on  t o  the  test described i n  Sec t ion  4.2,7, another  : et of 
Wear vs. Temperature t e s t s  a c t u a l l y  was performed, i n  which the  ex1 e r i -  
' -  'i 
* 
mental secondary l i n i n g  which had been f a b r i c a t e d  a t  t he  f zc to ry ,  des- 
cr ibed in Appendix C, was used. Resul ts  are included i n  Table 1-3 below, 
> - 3  
J 
1 
toge ther  with p l o t s  of l i n e  pressure  and wear a s  a func t ion  of temperature. 1 
The l i n e  pressure  curves (Figure 1-1) are again very s i m i l a r  t o  ea th  o the r  ! l 
and t o  those of t h e  t e s t  descr ibed i n  Sec t ion  4.2.7, though the  average 1 r 
6 2 l i n e  p re s su res  a r e  50 t o  100 p s i  (3.4 t o  6.9 x 10 ~ / m  ) higher  here.  
The average wear curves (Figure 1-2) , however, are somewhat enigmal i c ,  
p a r t i c u l a r l y  t h a t  of t h e  primary used i n  combination with the stanciard 3 
secondary. I n t e r p r e t a t i o n  i s  the re fo re  n o t  c l ea r .  Nevertheless ti e 
I 
/ Table 1-1 
WEAR VS. TEMPERATURE - STANDARD LINING 
Table 1-2 
WEAR VS. TEMPERATURE - EXPERIMENTAL LINING (SEGNENTED) 
TEMPERATURE 
BURNISH 250 350 450 550 250 (OF) 
(121) (177) (232) (288) (121) (OC) 
Averagc Thickness 1.7 1.0 3.2 6.5 9.5 0.4 
P 
1.7 2.7 .-.*d R Cumulative Average 5.9 12.4 21.9 22.3 
I I Thickness 
M 
3 2 6 9 14 3 , 
- 1 
A Maximum Thickness 
R I Y Weight 0.7 0.0 1.7 4.0 6.9 0.1 1 Cumulative Weight 0.7 0.7 2.4 6.4 13.3 1,3,4 
4 
i 
3.1 1.3 S Average Thickness 3.8 11.9 18.5 3.4 
E 
C Cumulative Average 3.1 4.4 8.2 20.1 38.6 42.0 1 0 Thickness 
N 
I D Maximum Thickness 6 2 7 18 26 6 
A 
i R Weight 1.8 0.4 2.1 9,4 16.8 2.1 
Y 
Cumulative Weight 1.8 2.2 4.3 13.7 30.5 32.6 
i 1 4 
I 
I . . 
t 
I 
,! 
i i 
i i [ i 1 i 
i 1 
f 
2 
i i 
i 1 
t f i  
i 
. '1 i 
! 
I 
/ 1-3 I - - 
: 1 
- 
$7 " --.-,.- . - -  k-N 3- -- Y,+- 
Table 1-3 
I 
WEAR VS . TEMPERATURE 1 
STANDARD LININGS (FACTORY-MADE) I 
1 i 
'4- 
I TEMPERATURE I 
' - 3  
I WEAR BURNISH 250 350 450 550 250 (ZF) 1 
! (121) (177) (232) (288) (121) ( C) i I i 
- I 
Average Thickness 0.7 2.6 9.9 29.9 22.0 1.9 ., .. 
C 3 * Cumulative Average 0.7 3.3 13.2 43.1 65.1 67.0 i 
Thickness 
I i 1 
M Maximum Thickness 2 5 17 4 7 3 8 6 9 .-5 
A Weight 
R 0.8 4.4 6.5 16.3 14.7 0.7 4 
Y Curnula tive Weight 0.8 5.2 11.7 28.0 42.7 43.4 1 
I 
i 
1.3 1.0 1 S Average Thickness 3.3 7.8 36.9 5.9 
1.3 Cumulative Average 2.3 5.6 13.4 50.3 56.2 
Thickness 
0 
N Maximum Thickness 3 2 7 12 
* I 
81 10 i 
Weight 
A 0.3 3.5 2.7 2.5 30.9 3.2 1 
-1 
R Cumulative Weight 0.3 3.8 6.5 9.0 39.9 43.1 
Y 
EXPERIlmNTAL LININGS (FACTORY-WE) 
i 
i  
Average Thickness 0.8 0.7 2.0 9.1 10.0 
? 3.2 
R Cumulative Average 0.8 1.5 3.5 12.6 22.6 25.8 
I Thickness 
Maximum Thickness 
A 3 2 4 - 16 17 6 
R Weight 0.1 0.5 1.3 8.7 7.1 1.0 
Cumulative Weight 0.1 0.6 1.9 10.6 17.7 18.7 
S Average Thickness 2.2 1.4 5.7 21.3 29.4 7.5 
Cumulative Average 2.2 3.6 9.3 30.6 60.0 67.5 
Thickness 
0 
N Maximum Thickness S 3 10 33 4 4 8 
Weight 
A 1.1 0.9 4.3 19.1 24.6 3.5 
R Cumulati17e Weight 1.1 2.0 6.3 25.4 50.0 53.5 
Y 
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